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Abstract 
 
Rhizobia are soil bacteria able to induce the formation of nodules in leguminous plants 
and convert atmospheric nitrogen into assimilable forms to these plants. Some 
Mesorhizobium species establish symbiosis with chickpea and can increase productivity 
of this culture. Rhizobia symbiosis genes, such as nod and nif, are involved in nodule 
development and nitrogen fixation. Nevertheless, genes involved in other molecular 
mechanisms, namely stress response may influence the symbiotic interaction plant-
rhizobia. The objective of this study was to evaluate the effects of overexpressing 
symbiotic and stress response genes in the symbiotic performance of chickpea 
Mesorhizobium. Mesorhizobium strains were transformed with pRKnifA, pRKnodD, 
pRKenvZ and pRKgroEL (expression vector pRK415 with nifA, nodD, envZ and groEL 
genes from M. mediterraneum UPM-Ca36T, respectively). From the four strains 
transformed with extra nifA copies, only V15-b was able to increase plant biomass, when 
compared to wild-type and empty vector strains. Among the four strains transformed with 
extra nodD copies, ST-2 and PMI-6 showed a higher symbiotic effectiveness compared 
to wild type and control strains. Additional copies of envZ led to in a higher symbiotic 
effectiveness when introduced in PMI-6 and EE-7. Evaluation of the symbiotic 
effectiveness of the four strains overexpressing groEL showed that only ST-2 improved, 
compared to wild-type and empty vector strains. For all these strains the rate of nodule 
formation was seen to be higher and further analysis of the infection process and nodule 
histological analysis were performed. Overall, this study shows that extra copies of a 
given gene may have different effects in the symbiotic effectiveness, depending on the 
modified strain. This study contributes to a better understanding of the nodulation and 
nitrogen fixation processes, namely regarding the contribution of non-symbiotic genes, 
especially envZ, which was to our knowledge for the first time reported to be involved in 
the rhizobia-legume symbiosis. 
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Resumo 
Melhoramento de rizóbios de grão-de-bico por transformação genética com genes 
simbióticos 
Rhizóbios são bactérias capazes de induzir a formação de nódulos em leguminosas e 
converter azoto atmosférico em formas assimiláveis por essas plantas. Algumas 
espécies de Mesorhizobium estabelecem simbioses com grão-de-bico e conseguem 
promover a produtividade desta cultura. Genes simbióticos, como nod e nif, estão 
envolvidos na formação dos nódulos e fixação de azoto. No entanto, genes envolvidos 
noutros mecanismos, nomeadamente a resposta ao stresse podem influenciar a 
interação simbiótica planta-rizóbio. O objetivo deste estudo foi avaliar a eficiência 
simbiótica de Mesorhizobium de grão-de-bico sobre-expressando genes simbióticos e 
de resposta ao stresse. Estirpes de Mesorhizobium foram transformadas com pRKnifA, 
pRKnodD, pRKenvZ e pRKgroEL (vetor de expressão pRK415 com nifA, nodD, envZ e 
groEL de M. mediterraneum UPM-Ca36T, respetivamente). Das quatro estirpes 
transformadas com cópias extras de nifA, apenas V15-b foi capaz de produzir um 
aumento na biomassa das plantas inoculadas, quando comparada às estirpes selvagem 
e com vetor vazio. Das quatro estirpes transformadas com cópias extras de nodD, ST-
2 e PMI-6 apresentaram maior eficiência simbiótica em comparação com as estirpes 
controlo. Cópias adicionais de envZ resultaram numa maior eficiência simbiótica quando 
introduzidas em PMI-6 e EE-7. A avaliação da eficiência simbiótica das quatro estirpes 
que sobre-expressam groEL mostrou que apenas a transformação de ST-2 levou a uma 
eficiência superior, em comparação com as estirpes selvagem e com vetor vazio. Para 
todas estas estirpes, a taxa de formação de nódulos também foi melhorada, pelo que 
análises do processo de infeção e da histologia dos nódulos foram efetuadas. Em geral, 
este estudo mostra que um gene introduzido pode ter efeitos diferentes na eficiência 
simbiótica, dependendo da estirpe modificada. Este estudo contribui para uma melhor 
compreensão dos processos de nodulação e fixação de azoto, nomeadamente a 
contribuição de genes não-simbióticos, especialmente envZ, que tanto quanto sabemos 
não foi previamente descrito como envolvido nestas simbioses. 
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Chapter 1 
 
State of the art 
 
 2 
 
1.1. Biological Nitrogen Fixation 
 
It has estimated that by 2050 the world’s population will increase 34 %, reaching 9.1 billion 
of people. This increase will occur mainly in developing countries. Urbanization will continue 
at an accelerated pace, and about 70 % of the world’s population will be urban (compared to 
49 % today). Feeding this larger, more urban and richer population, requires an increase in 
food production of 70 %. Annual cereal production will need to rise to about 3 billion tonnes 
from 2.1 billion today and annual meat production will need to rise by over 200 million tonnes 
to reach 470 million tonnes. It means that there will be an increase in cultivated areas, leading 
to an increased demand of fertilizers and research aimed to improve varieties of plants to 
increase their yield (FAO 2009). 
After carbon (C) and hydrogen (H), nitrogen (N) is the most important element in the 
constitution of organic matter, representing 8-16 % (Vance 2001). Nitrogen participates in the 
formation of key molecules in many biological processes such as the production of nucleic 
acids and proteins. Despite its abundance in the atmosphere as N2 (79 %), N is along with 
water, the main limiting factor of global agricultural production, because no animal or plant is 
able to use it directly (Hoffman et al., 2014). The main supply sources of nitrogen used for plant 
growth are: 1) derived from the decomposition of organic matter and rocks, 2) provided by 
chemical nitrogen fertilizers, 3) nitrogen supplied by the process of biological nitrogen fixation 
(BNF). There is also a small contribution by the reaction of electrical discharges with N2, 
resulting in nitrate, which is added to the soil and represents about 4 % of positive entries in N 
balance on Earth (Hoffman et al. 2014). 
The synthesis of nitrogen fertilizers began in the first decade of the twentieth century when 
Fritz Haber and Carl Bosch discovered the process that converts atmospheric N2 into 
ammonia. The requirements for such chemical synthesis are: 1) hydrogen, 2) a catalyst 
containing iron, 3) high temperature (300° C to 600° C), 4) high pressure (200 atm to 800 atm) 
(Hoffman et al. 2014). Consequently, the economic cost for the chemical synthesis of nitrogen 
fertilizers is high, resulting mainly from the need of spending of fossil fuels, which are non-
renewable energy (Hydroworld 2009). Alternative ways of supplying N to agricultural crops that 
to reduce these costs are urgent (Biswas and Gresshoff 2014). 
Another aggravating factor in the use of nitrogen fertilizers is the low efficiency of its 
utilization by plants, rarely exceeding 50%. One should also consider that the indiscriminate 
use of nitrogenous fertilizers results in environmental pollution since the N leaching and runoff 
from the soil surface leads to accumulation of these compounds in the waters of rivers, lakes 
and groundwater, reaching toxic levels for fish and animal (Hungria et al. 2001; Jensen et al. 
2012; Philippot and Hallin 2011; Richardson et al. 2009).  
Some soil bacteria, designated rhizobia, can establish symbiotic associations with 
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legume plants, and fix atmospheric nitrogen, converting it into an assimilable form to the 
plant. In exchange, the legume plants provide carbohydrates from the photosynthesis 
process to rhizobia. This process, known as biological nitrogen fixation (BNF), can 
reduce the use of chemical N-fertilizers and thus decrease the environmental pollution 
(Oldroyd 2013) and contribute for more sustainable agricultural practices. 
Considering the low cost of the bacterial inoculants compared with nitrogen 
fertilizers, the cost to produce legume grain could reduce, representing a great economy, 
which could be directed to other aspects of productivity improvement in agriculture 
(Vitousek et al. 2013). 
The contribution of the biological nitrogen fixation to the total of produced nitrogen 
has been estimated to approximately 200 million tonnes annually and for every tonne of 
shoot dry matter produced by crop legumes, the symbiosis with rhizobia is responsible 
for fixing the equivalent of 30-40 kg of nitrogen (N) (Graham and Vance 2003; Peoples 
et al. 2009).  
 
1.2. Rhizobia 
 
Bacteria capable of fixing atmospheric nitrogen are called diazotrophs. These 
bacteria exist as free-living soil bacteria or associated with plant species, both in the 
rhizosphere, as endophyte or as symbionts of legume species. This latter group, more 
currently under study, is generically called rhizobia. 
These microorganisms are able to metabolize atmospheric nitrogen and convert it 
into nitrogen compounds that can be absorbed by the plant. This process takes place in 
specialized structures on plant roots called nodules. In return, the rhizobia benefit from 
carbon substrates derived from photosynthesis in the plant. Contrary to the supply of 
nitrogen fertilizer to a crop in the form of nitrate, which represents a significant cost to 
both farmer and the environment, the inoculation of plants with rhizobia has 
environmental and economic benefits, such as use of native soils bacteria instead N 
fertilizer that may cause eutrophication in lakes and rivers, low cost of acquisition of the 
inoculant and crops rotation that keep the N accumulated from one culture to the next 
one (Herridge et al. 2008).  
Rhizobia can live either in the soil as free-living bacteria or within the root nodules 
of host legumes. Within the nodules, rhizobia convert atmospheric dinitrogen (N2) into 
ammonia as a result of the nitrogenase enzyme complex activity, in an ATP-dependent 
manner. Ammonia can be assimilated by the host, resulting in improved plant growth 
and productivity (Perret et al. 2000). The pairing rhizobia-legume host occurs after a 
complex molecular crosstalk between both partners (Downie 1998; Oldroyd et al. 2011), 
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which often requires cell-to-cell communication. This means that the entry into root cells 
requires appropriate recognition of specific chemical signals by the host plant, namely 
the rhizobial Nod factor signaling molecule (Oldroyd 2013). The recognition of these 
molecules triggers the curling of root hairs, allowing the entry of rhizobia in the plant 
(Oldroyd 2013). Rhizobia then induce the formation of an infection thread, which is an 
invagination of the plant membrane at the infection focus of the root hair. Through the 
deformed root hair, these bacteria enter the host plant cells and grow down to the cortical 
cell layers into the nodule meristem (Sprent 2009). In some cases, these bacteria enter 
the root by crack entry , i.e. insert themselves in cracks on the root cells (Sprent 2009). 
Rhizobia can also enter the root through epidermal intercellular spaces. A successful 
infection process ends with the formation of an effective nodule (Oldroyd and Downie 
2008), which begins with the reinitiation of cell division in the root cortex, where rhizobial 
cells will be allocated and will initiate nitrogen fixation in exchange for carbon from the 
legume host (Oldroyd 2013).  
In 1932, bacteria able to nodulate legumes were classified in the genus Rhizobium 
and subdivided by a criterion based mainly on host plant range (Fred 1932). In terms of 
taxonomy, rhizobia are currently assigned to 14 different genera. Most of them, including 
the agriculturally important nitrogen-fixing genera, belong to the Alphaproteobacteria 
class. Only a few genera belong to the Betaproteobacteria class (Chen et al. 2003; 
Moulin et al. 2014; Peix et al. 2015) (http://www.rhizobia.co.nz/taxonomy/rhizobia). 
There are approx. 89 genomes completely sequenced and annotated, including different 
strains and symbiovars from the same species. The size of most rhizobial genomes ranges 
between 6.5 and 9 Mb, and may include plasmids larger than 2 Mb (Alexandre and Oliveira 
2016). 
 
1.3. Nodulation and nitrogen fixation genes  
 
Rhizobia genomes include two major components: the core genome (higher GC 
content) that comprises the housekeeping genes, which are responsible for the 
functioning of the cell, as well as other genes also involved in its essential maintenance 
(Crossman et al. 2008), and the accessory genome, which is located on plasmids or 
chromosomal islands (lower GC) and is composed of genes that confer special 
characteristics to these organisms, such as antibiotics resistance and symbiosis genes 
(MacLean et al. 2007; Young et al. 2006). 
There are two main groups of genes responsible for the symbiosis process in 
rhizobia, namely genes involved in the nodulation process and those responsible for 
nitrogen fixation (Downie 1998; Kaminski et al. 1998). Nodulation genes (e.g. nodABC) 
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encode enzymes responsible for the biosynthesis and secretion of Nod factors, which 
are lipochitooligosaccharides (LCOs) that interact with plant flavonoids, thus important 
for determining the rhizobium-legume pairing (Oldroyd 2013; Via et al. 2016). Different 
rhizobia species can have different nod genes, therefore producing LCOs with varied 
structures (Limpens et al. 2015). Genes involved in the nitrogen fixation process include 
those that encode the nitrogenase enzyme (nifHDK), responsible for the capture and 
conversion of atmospheric nitrogen into ammonia (Kaminski et al. 1998). In addition to 
these major groups of genes, there are many others with important functions, both in 
nodulation and nitrogen fixation. For example, nodPQ, nodX, nodEF and noe genes are 
involved in the synthesis of Nod factors substituents (D'Haeze and Holsters 2002; Geurts 
and Bisseling 2002), while nifA, fixLJ, fixK encode transcriptional regulators and fixABCX 
are involved in the electron transport chain to nitrogenase (Dixon and Kahn 2004). Table 
1 shows the most important genes involved in the symbiosis. 
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Table 1. Most common rhizobia genes involved in symbiosis (from Laranjo et al. 2014). 
Genes Function of gene product 
Nodulation genes  
nodA Acyltransferase 
nodB Chitooligosaccharide deacetylase 
nodC N-acetylglucosaminyltransferase 
nodD Transcriptional regulator of common nod genes 
nodIJ Nod factors transport 
nodPQ Synthesis of Nod factors substituents 
nodX Synthesis of Nod factors substituents 
nofEF Synthesis of Nod factors substituents 
other nod genes Several functions in synthesis of Nod factors 
nol genes Several functions in synthesis of Nod factors substituents and 
secretion 
NOE genes Synthesis of Nod factors substituents 
 
Nitrogen fixation  
genes nifHDK Nitrogenase 
nifA Transcriptional regulator 
nifBEN Biosynthesis of the Fe-Mo cofactor 
fixABCX Electron transport chain to nitrogenase 
fixNOPQ Cytochrome oxidase 
fixLJ Transcriptional regulators 
fixK Transcriptional regulator 
fixGHIS Copper uptake and metabolism 
fdxN Ferredoxin 
 
Other genes  
exo Exopolyssacharide production 
hup Hydrogen uptake 
gln Glutamine synthase 
dct Dicarboxylate transport 
nfe Nodulation efficiency and competitiveness 
ndv β-1,2 glucans synthesis 
lps Lipopolysaccharide production 
 
 
1.3.1. Nodulation process 
 
What distinguishes essentially symbiotic and associative bacterial infection is that 
the former occurs in the nodule. This is a remarkable feature since the endocellular 
colonization, including by pathogens is rare in bacteria associated with plants. The 
biological nitrogen fixation involves a series of processes that begin with the colonization 
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of the host plant by the bacterium and culminate in the fixation of atmospheric N2. 
(Oldroyd 2013). 
The legume-rhizobia interaction occurs when plants release signals, such as 
flavonoids or isoflavonoids, which are recognize by bacteria using a positively acting 
transcription factor, usually encoded by nodD (Downie 2010; Recourt et al. 1989) (Fig 
1). The type of secreted signals, as well as the NodD protein usually differ depending of 
the plant or bacteria, respectively (Downie 2010). Following NodD and flavonoids 
interaction, NodD binds to highly conserved bacterial promoters called nod boxes and 
induces the expression of several genes directly related with the nodulation process (as 
those involved in the synthesis of Nod factors) (Fig 1).  
The NodD regulator belongs to the LysR family of transcriptor regulators. 
Constitutively expressed, NodD is responsible for the transcription of other nodulation 
genes (e.g. nodABC) in the presence of compatible flavonoids released by legume 
plants, consequently initiating the nodulation process (Kondorosi et al. 1989; Oldroyd 
2013; Spaink 2000). In addition, NodD also regulates directly or indirectly several other 
symbiotic phenotypes in rhizobia, such as polysaccharide production, phytohormone 
synthesis, motility, quorum-sensing and the activation of the type-III secretion system 
(Krause et al. 2002; Lopez-Baena et al. 2008; Perez-Montano et al. 2011; Pérez-
Montaño et al. 2014; Theunis et al. 2004; Vinardell et al. 2004). The number of nodD 
copies can vary depending on the rhizobial species and accordingly it was found that 
species harboring only one copy have the nodulation completely aborted when this gene 
is mutated, while species with multiple nodD copies, a complex interaction between the 
nodD genes seems to occur and the nodulation is not totally suppressed (Broughton et 
al. 2000; Garcia et al. 1996). 
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Figure 1. Schematic overview of the nodulation process and biological nitrogen fixation 
(from Laranjo et al. 2014). 
 
Besides determining which legumes the bacteria is able to nodulate (Downie 
1998; Perret et al. 2000), the Nod factors are responsible for root hair curl, infection 
thread formation, induction of cell division and gene expression in the root cortex and 
pericycle, nodule development and the number of nodules (Garg and Geetanjali 2007; 
Laranjo et al. 2014; Oldroyd 2013; van Brussel et al. 2002). The Fig 2 shows the 
colonization on chickpea root hair tips by green fluorescent protein–tagged rhizobia. 
 
 9 
 
 
Figure 2. Confocal laser scanning micrographs showing the colonization process on 
chickpea root hairs inoculated with green fluorescent protein–tagged rhizobia. Scale bar: 
25 μm. 
 
The mechanisms by which rhizobia and legumes choose their partners is not 
completely clear yet. Some authors suggest that the evolution of rhizobia-legumes 
associations may be host driven (Kiers et al. 2003; Sachs et al. 2011). However, legumes 
can be nodulated by rhizobia even if the association results in low symbiotic nitrogen 
fixation ((Den Herder and Parniske 2009). Most legumes are promiscuous meaning that 
they can be nodulated by different rhizobia species and particularly by broad host range 
rhizobia strains (Zhao et al. 2008). 
Upon contact of the plant cells with the released nodulation factors, curling of root 
hairs is initiated. The infection channel is formed within the root hair, while in the pericycle 
starts the microtubular cytoskeleton rearrangement. Cell activation subsequently occurs 
in the inner part of the cortex, which is divided forming a nodule primordium. Cell 
activation gradually extends to the middle and the outermost part of the cortex in 
accordance with two gradients of cellular differentiation resulting in the formation of a 
nodular primordium (Gerahty et al. 1992). 
To better understand how the growth and development of the nodule occurs 
Gerahty et al. (1992) proposed, chronologically, different stages, according to the 
anatomical changes in soybean roots after infection, when cell divisions are initiated in 
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and out of the root cortex generating meristematic nodules where successive mitotic 
divisions occur. These processes were explained chronologically through stages of 
growth and nodule development: stage 0 corresponds to uninfected root; stage I - early 
infection; stage II - external cortical cells begin to divide; stage III - the division is evident 
in some inner cortex and outer cortex cells; stage IV - the cells are more isodiametric 
and have some externally and internally oblique divisions in the cortex, forming a nodule 
meristem; stage-V the meristem is increased; and stage VI - nodule emergency. 
During the growth of the nodule, internalized bacteria are released in the 
cytoplasm, they begin to divide and the membrane that surrounds the cell surface 
increases to accommodate this growth by merging with smaller vesicles (Gerahty et al. 
1992). In the growth stage V, the expansion of the nodule is controlled, which is 
considered a mechanism of self-regulation, a situation that leads to maturation of the 
nodule. In this phase, bacteria stop dividing and begin to increase in size and differentiate 
into endosymbiotic organelles termed N-fixing bacteroids (Taíz and Zieger 2004). 
Depending on the site and depth of initial cortical cell division and the time of 
active meristem termination (nodule growth), nodules formed by legume may be either 
determinate (e.g., on soybean and L. japonicus) or indeterminate (e.g., on M. truncatula 
and chickpea) (Biswas and Gresshoff 2014). Determinate nodules are usually initiated 
sub-epidermally in the outer cortex, and nodular meristematic activity is early terminated, 
giving rise to spherical nodules. In indeterminate nodules, cell division initially occurs 
anticlinally in the inner cortex, followed by periclinal divisions in the pericycle; meristems 
are persistent for a longer time, resulting in cylindrical nodules (B G Rolfe and Gresshoff 
1988; Gresshoff and Delves 1986; Newcomb et al. 1979; Terpolilli et al. 2012). 
 
1.3.2. Mechanisms of Biological Nitrogen Fixation 
 
To convert atmospheric nitrogen (N2) to ammonia (NH3) by biological nitrogen 
fixation process, high amounts of energy  is spent by the plants (E. Newton 2007).  This 
process takes place inside the nodule by the bacteroids through the activity of the 
nitrogenase enzyme complex (Terpolilli et al. 2012). The biological nitrogen fixation can 
be represented by the following equation: 
 
N2 +8H+ +8e- + 16ATP = 2NH3 +H2 + 16ADP +16Pi 
 
The nitrogenase enzyme complex formed by two protein units (Fig. 3), the iron - 
protein (encoded by nifH) and the Molybdenum-Iron-protein (α-subunit encoded by nifD 
and β-subunit by nifK genes), is responsible for nitrogen fixation in the nodule (E. Newton 
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2007; Rubio and Ludden 2008): 
 
 
Figure 3. The structure of Nitrogenase (from Issa et al. 2014) 
 
For biological nitrogen fixation to occur it is necessary that the nitrogenase is in 
low oxygen conditions (Biswas and Gresshoff 2014; Kuzma et al. 1993). The nodules 
express a plant protein called leghemoglobin that binds oxygen when it is present in high 
concentrations (Minchin et al. 2008). Both leghemoglobin and the oxygen diffusion 
barrier in the nodule are important regulators of oxygen tension in the nodule, protecting 
the nitrogenase enzyme complex that is irreversibly inactivated by oxygen (Dixon and 
Kahn 2004). According to Deninson and Harter (1995), storing enough oxygen to 
maintain bacteroid respiration. 
In rhizobia, the most important regulator of N2 fixation is the NifA protein. Together 
with the sigma factor σ54, it activates the transcription of a series of nif and fix genes 
that are essential for N2 fixation (Dixon and Kahn 2004; Fischer 1994; Terpolilli et al. 
2012). 
Figure 4 shows a comparison of regulatory cascades that control the transcription 
of nif genes in free-living diazotrophic bacterium Klebsiella pneumoniae and symbiotic 
diazotrophs Sinorhizobium meliloti and Bradyrhizobium japonicum. 
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Figure 4. Scheme comparing the transcription regulation of nif genes in Klebsiella 
pneumoniae, Sinorhizobium meliloti and Bradyrhizobium japonicum (from Dixon and 
Kahn 2004). 
 
As mentioned above, the limitation of oxygen concentration is a key factor in the 
expression of nif and fix genes (Soupène et al. 1995). The fixL and fixJ genes encode a 
regulating system in which the two components-oxygen sensor FixL transfers phosphate 
to the response regulator FixJ. In Sinorhizobium meliloti the phosphorylated FixJ 
positively controls the transcription of nifA and fixK (de Philip et al. 1990; Gilles-Gonzalez 
et al. 1991; Hertig et al. 1989). FixK induces the expression of fixNOQP and negatively 
affects the expression of nifA (Batut et al. 1989). nifA is required for the transcription of 
fixABCX, and nifN nifB as well as for the transcription of the operon nifHDK, encoding 
the subunits of nitrogenase. The operon fixNOQP encode the cytochrome terminal 
oxidase cbb3 protein complex which is involved in the respiratory chain with a high 
affinity for O2 responsible for ATP production needed to symbiosis, while fixABCX is 
involved in the regulation of gene transcription under low oxygen concentrations  (Black 
et al. 2012; Lopez et al. 2001). Moreover, NifA in bacteria such as Sinorhizobium meliloti, 
also controls some other genes that are not directly involved in nitrogen fixation, such as 
those related to competitiveness in nodulation genes, the development of nodules and 
bacteroid persistence. In Rhizobium leguminosarum, nifA is autoregulated (Martinez et 
al. 2004). 
Regarding the number of copies of nifA, in species like Sinorhizobium meliloti, 
Rhizobium leguminosarum and Bradyrhizobium japonicum there is only one copy 
(Barnett et al. 2001; Fischer et al. 1986; Schetgens et al. 1985). In Mesorhizobium loti, 
on the other hand, it contains two copies, nifA1 and nifA2 genes, both encoded in the 
symbiotic island. The nifA1 gene is more similar to nifA from Rhizobium etli, R. 
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leguminosarum, Sinorhizobium fredii strain NGR234 and Sinorhizobium meliloti (Albright 
et al. 1989; Alvarez-Morales et al. 1986; Alvarez-Morales and Hennecke 1985). In 
contrast, nifA2 is more similar to nifA from Bradyrhizobium japonicum (Sullivan et al. 
2013). The two genes do not perform the same function, while mutant M. loti nifA2 forms 
Fix- nodules, nifA1 mutants are not affected symbiotically (Nukui et al. 2006; Sullivan et 
al. 2013; Sullivan et al. 2001). In M. japonicum MAFF303099 nifA2 also regulates the 
gene encoding the enzyme 1- aminocyclopropane -1 -carboxylic acid (ACC) deaminase, 
responsible for degradation of ACC, the precursor of the phytohormone ethylene (Nukui 
et al. 2006). 
Although there are few studies reporting the effects of overexpression of nifA in 
diazotrophic, it is known that multiple copies of this gene may increase the nodulation 
competitiveness (Sanjuan and Olivares 1991). Studies by Jieping et al. (Jieping et al. 
2002) showed that an extra nifA copies in Sinorhizobium fredii enhanced nodulation and 
nodulation competitiveness in soybean.  
 
1.4. Stress response genes 
 
Survival under non-optimal conditions requires, first of all, the ability to sense these 
fluctuations in the immediate surroundings and secondly, the ability to modulate gene 
expression in order to adjust bacterial physiology to new conditions. Sensing an 
extracellular change might involve periplasmic protein sensors, as for example sensing 
envelope stress including pH or salt (Tschauner et al. 2014), or cis-acting RNA elements, 
as in the case of temperature-sensing (Narberhaus 2010).  
The heat shock response is particularly well studied in many bacteria (Schumann 
2016), including rhizobia. The heat shock proteins (HSPs) are encoded by genes 
induced after a sudden increase of temperature. There are two major classes of HSPs 
involved in protecting cells from protein denaturation caused by temperature upshift: 
chaperones and proteases. Chaperones systems, such as GroESL and DnaKJ, have the 
important role of rescuing misfolded proteins and allowing their refolding into the native 
and functional conformation. Proteases, as for example FtsH and ClpXP, are involved in 
the degradation of protein aggregates (misfolded proteins that are no longer able to 
acquire their native conformation). It is noteworthy that these HSPs are often involved in 
the response to other stressors and moreover, chaperones and proteases are also 
important under normal conditions, namely for the correct folding of newly synthesized 
polypeptides.  
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1.4.1. Stress response genes in rhizobia 
 
Besides the symbiosis genes, which are crucial for the interaction with the legume 
host, rhizobia genomes harbor other genes important for the rhizobia lifestyle, such as 
stress response genes that allow these bacteria to survive in the soil challenging 
conditions as well as inside the root nodules. 
The study of the molecular bases of stress response in rhizobia is particular 
interesting since these bacteria are exposed not only to the soil conditions, but also to 
the endosymbiotic lifestyle, inside the host plant root or shoot nodules. On a more applied 
perspective, development of highly effective rhizobia strains to be used as field 
inoculants must not disregard the importance of stress tolerance. If the inoculant 
formulation is not able to survive to abiotic stresses, its successful performance in the 
field is greatly compromised. 
Functional studies that focus on a given stress response gene or operon also 
represent important contributions to our understanding of the molecular bases of stress 
response. Rhizobial genomes typically encode several copies of the major chaperone 
system GroESL and these genes were known to be essential for E. coli viability (Fayet 
et al. 1989) as well as determinant for the limit temperature for growth (Ferrer et al. 2003). 
Their study in rhizobia showed that there is some functional redundancy among different 
copies, although different regulatory mechanisms of these operons can be found in the 
same strain. The differential regulation of these operons allows a fine tune of the GroESL 
pool under different conditions, including inside the nodule, during symbiosis with the 
host plant (Alexandre and Oliveira 2013). For example, in S. meliloti and Bradyrhizobium 
japonicum, both with five groEL copies, all groEL single mutants are viable (Bittner et al. 
2007; Fischer et al. 1993). Contrary to this, one of the three groEL copies of R. 
leguminosarum is essential for growth (Rodriguez-Quinones et al. 2005). In terms of heat 
tolerance phenotype, a S. meliloti strain with mutations in groEL1 and groEL5 showed a 
slower growth compared to the wild-type, especially under higher temperatures (Bittner 
et al. 2007). 
Several studies showed that some genes may be involved in the tolerance to several 
stress conditions. For example, genes involved in trehalose biosynthesis (otsAB, treS 
and treZY genes) have been associated to rhizobial tolerance to desiccation, salinity and 
heat (Moussaid et al. 2015; Reina-Bueno et al. 2012). Besides its action as stress 
protectant, in free-living rhizobia, trehalose may be used as carbon and energy source. 
Trehalose has also been detected in bacteroids, however it seems that trehalose 
synthesis has different pathways under free-living or symbiotic conditions (Reina-Bueno 
et al. 2012). 
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1.4.2. The role of stress response genes in the symbiosis 
Since early events in the symbiosis process such as molecular signalling and 
rhizobial attachment, are particularly sensitive to high temperatures, salinity, acidity and 
other environmental stresses (Hungria and Stacey 1997; Hungria and Vargas 2000; 
Zhang and Smith 1996), rhizobia have to be able to physiologically adapt to 
environmental conditions, in order to ensure a successful symbiosis with its legume 
partner. These stresses that negatively affect the microsymbiont in free-living conditions 
as well as during the symbiotic relationship can lead to a delay in infection and nodule 
formation, development of non-fixing nodules or even to failure of the nodulation process 
(Zahran 1999). Moreover, during infection, rhizobia also have to deal with adverse 
conditions within the host cells and with the plant innate immunity that induces 
physiological stress responses, which may interfere with symbiosis (Soto et al. 2009). In 
fact, it was suggested that among the genes required for bacteroid formation, some are 
specific for symbiosis and others are involved in physiological adaptation to the 
environmental conditions within and outside the nodule (Oke and Long 1999).  
Transcriptomic and proteomic analyses of rhizobia in symbiosis with their host 
legumes suggest the involvement of stress response genes, mainly heat shock proteins 
such as ClpB and GroESL, in the symbiotic process. For example, overexpression of the 
ClpB and GroEL/ES proteins was detected in nodules formed by Bradyrhizobium 
japonicum and Sinorhizobium meliloti strains (Djordjevic 2004; Djordjevic et al. 2003b; 
Nomura et al. 2010b; Sarma and Emerich 2005; Sarma and Emerich 2006). These 
findings are reinforced through transcriptomic analyses where up-regulation of these 
genes was observed in root nodules (Karunakaran et al. 2009; Pessi et al. 2007a; 
Uchiumi et al. 2004). 
The most studied molecular chaperone in terms of its involvement in the symbiosis 
is GroEL. Particular copies of this chaperone gene, usually upregulated in the bacteroids, 
seem to play a fundamental role in the formation of functional NodD and nitrogenase 
complex (Fischer et al. 1999; Ogawa and Long 1995). For example, among the five 
groESL operons in the S. meliloti genome only one operon (groEL1) was found to be 
involved in symbiosis (Ogawa and Long 1995). Fischer et al. (Fischer et al. 1993) found 
a co-regulation between groESL3 and nitrogen fixation genes in B. japonicum, yet none 
of the B. japonicum mutants that individually lack one groEL gene were depleted in their 
symbiotic phenotype (Bittner et al. 2007; Fischer et al. 1999). However, double mutation 
on groEL3 and groEL4 genes in B. japonicum affects the symbiotic performance, since 
these copies are required for the formation of a functional nitrogenase (Fischer et al. 
1999). These two copies are the most abundant in the GroEL pool in bacteroids (Fischer 
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et al. 1993). Studies on the symbiotic performance of strains mutated in the dnaJ gene 
also revealed distinct results, using different rhizobia species. For example, a B. 
japonicum dnaJ mutant strain was able to establish fully effective symbiosis with 
soybeans (Minder et al. 1997). In contrast, Nogales et al. (2002) found that a dnaJ mutant 
of Rhizobium tropici was able to form nodules in Phaseolus vulgaris, however this mutant 
showed low nitrogenase activity, which was also evident in the reduced plant growth and 
in the reduction of the nitrogen content of the plant shoots. Similarly, dnaJ is required for 
effective symbiosis of R. leguminosarum bv. phaseoli (Labidi et al. 2000). On the other 
hand, the DnaK chaperone, another protein that constitutes the DnaK-DnaJ chaperone 
system, is required for optimum symbiotic function in S. meliloti (Summers et al. 1998). 
More recently, the involvement of the ClpB chaperone in the symbiotic process was 
evaluated. Although a Mesorhizobium clpB mutant strain was able to establish symbiosis 
with chickpea plants, the ClpB absence caused a delay in nodule formation and 
development (Brígido et al. 2012b), indicating its involvement in the symbiotic process. 
Other genes involved in stress response, namely major regulators of the heat shock 
response, have been implicated in the symbiosis. For instance, S. meliloti rpoH1 mutants 
have been shown to have defective symbiotic phenotypes, showing poor colonization 
and survival in bacteroids and do not fix nitrogen (Mitsui et al. 2004; Oke et al. 2001). In 
contrast, a rpoH2 mutant showed a symbiotic phenotype similar to the wild-type (Mitsui 
et al. 2004; Oke et al. 2001; Ono et al. 2001). Nevertheless, rpoH1 rpoH2 double mutants 
exhibited a more severe symbiotic phenotype than the rpoH1 mutant (Bittner and Oke 
2006). Similar results were obtained by Martinez-Salazar et al. (2009) where R. etli 
rpoH1 and rpoH2 rpoH1 mutants exhibited reduced nitrogenase activity and bacterial 
viability in early and late symbiosis, compared with nodules formed by the rpoH2 mutant 
and wild-type. 
Despite the fact that functional studies showed results that vary with the rhizobia 
species analysed, stress response genes seem to be implicated in rhizobial infection and 
nitrogen-fixation. The lower symbiotic performance obtained with most of the chaperone 
mutants, suggests that the role of chaperones is important for bacterial cells to achieve 
an efficient and effective symbiotic interaction with their legume hosts. The negative 
effects in their symbiotic phenotypes, due to the loss of specific chaperone genes, is 
most likely due to the role of these proteins in the folding of newly synthesized 
polypeptides, refolding of denatured proteins and disaggregation of proteins involved in 
the symbiosis. Altogether, the major chaperone genes seem to be involved in the 
symbiotic process between rhizobia and legume hosts, not only due to their role in the 
folding of important symbiosis proteins, but also due to their direct involvement in 
response to stressful conditions found in the rhizosphere and within the root cells. 
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However, further studies are required to elucidate in which step of the symbiotic 
interaction these and other stress response genes are particularly important. 
 
    1.4.3. The EnvZ/OmpR two-component regulatory systems  
 
The two-component regulatory systems (TCRS) histidine kinase (HK) and its 
cognate response regulator (RR) may mediate responses to environmental stresses in 
bacteria. They are essential in the adaptation of bacteria and fungi to changing 
environmental conditions (Foo et al. 2015; Wang et al. 2012). The environmental stress 
is detected by the HK that allows the autophosphorylation of the conserved histidine 
residue (Wang et al. 2012), and this phosphoryl group is then transferred by the 
conserved aspartic acid residue of the response regulator. When the response regulator 
is phosphorylated, it binds to DNA target sequences and stimulates the transcription of 
genes targets (Gao and Stock 2009; Yoshida et al. 2002). 
Among the TCRS, the EnvZ/OmpR system, present in E. coli, is one of the best-
characterized. It is activated in osmotic stress, regulating the expression of outer 
membrane porins OmpF and OmpC (Alphen and Lugtenberg 1977; Wang et al. 2012). 
At high osmolarity EnvZ is autophosphorylated and transfers the phosphoryl group to 
OmpR, which in turn binds to the promoter regions of outer membrane porin genes ompF 
and ompC (Yoshida et al. 2002; Yuan et al. 2011). The cellular OmpR-P levels control 
the transcription of ompF and ompC. Low medium osmolarity reduce the level of OmpR-
P and favors the transcription of ompF. At high medium osmolarity an elevated OmpR-
P level, resulting from the increased kinase/phosphatase ratio of EnvZ, allows the 
activation of ompC transcription. On the other hand, more OmpR-P molecules bind to 
the ompF promoter upstream region causing repression of ompF expression (Cai and 
Inouye 2002). Both porins act in the nutrient exchange allowing the passive diffusion of 
small hydrophilic molecules across the membrane. (Aiba et al. 1989; Nikaido 2003; 
Wang et al. 2012). EnvZ also acts as a phosphatase, which dephosphorylates the 
OmpR-P when the osmotic stress disappears (Aiba et al. 1989; Mattison and Kenney 
2002).  
EnvZ is an integral membrane protein that has all of the conserved motifs common 
to the histidine kinase family: H, N, G1, D/F, and G2 boxes (Parkinson and Kofoid 1992). 
Three enzymatic activities have been shown to be associated with the carboxy-terminal 
cytoplasmic domain of EnvZ: autokinase, OmpR kinase, and OmpR-phosphate (OmpR-
P) phosphatase (Hsing and Silhavy 1997).  
EnvZ, a protein with 450 amino acid residues, exists as a dimer located in the inner 
cytoplasmic membrane of E. coli. EnvZc, the cytoplasmic domain of EnvZ, also exists as 
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a dimer and consists of the linker region, domain A and domain B. It contains both kinase 
and phosphatase activities similar to the intact EnvZ (Dutta et al. 1999; Park et al. 1998). 
The linker region is responsible for transducing the signal from the periplasmic receptor 
domain to the cytoplasmic catalytic domain (Park and Inouye 1997). It was demonstrated 
that domain A by itself can serve as the OmpR-P phosphatase (Zhu et al. 2000). 
OmpR, the response regulator, consists of an N-terminal CheY-like receiver domain 
possessing the highly conserved Asp-55 phosphorylation site and a C-terminal DNA-
binding domain (Kato et al. 1989). The phosphorylation of OmpR at Asp-55 enhances its 
binding affinity for the regulatory sequences upstream of the ompF and ompC promoters 
(Aiba et al. 1989; Forst et al. 1989; Head et al. 1998; Huang and Igo 1996). OmpR-P 
binds to the -100 to -38 region of ompC and the -380 to -361 region as well as the -100 
to -39 region of ompF (Bergstrom et al. 1998; Huang and Igo 1996; Rampersaud et al. 
1994; Tsung et al. 1989). These OmpR binding sites consist of 20 base pairs each 
sharing a consensus sequence (Harlocker et al. 1995). It has been shown that two 
OmpR-P molecules bind to each site in a head-to-tail manner (Harlocker et al. 1995).  
ompR and envZ as part of the ompB operon of E. coli, are co-transcribed as a 
polycistronic mRNA from a promoter upstream the ompR gene (Hall and Silhavy 1981). 
In a cell, significantly fewer EnvZ molecules are produced compared with OmpR 
molecules. It has been estimated that there are about 1000 molecules of OmpR whereas 
there are only 10 molecules of EnvZ per cell (Dziejman and Mekalanos 1995). Cai and 
Inouye (2002) showed that the OmpR and EnvZ levels in E. coli cells are approximately 
3500 and 100 molecules per cell, respectively. 
It was reported that mutation in envZ/ompR of E. coli alter, directly or indirectly, the 
expression of more than 100 genes, including genes related to amino acid biosynthesis, 
such as isoleucine and cysteine, iron and maltose transport, and flagellar synthesis 
(Oshima et al. 2002). A single mutation in ompR of Yersinia pestis affected the 
expression of 224 genes, indicating a global regulatory role (Gao et al. 2011). In addition 
to its role as osmosensor, the EnvZ/OmpR system has also been associated with other 
functions, such as virulence in pathogens, fatty acid uptake, exopolysaccharide (EPS) 
production, peptide transport and flagella production (Bernardini et al. 1990; Feng et al. 
2003; Li et al. 2014; Mills et al. 1998; Pickard et al. 1994; Shin and Park 1995; Vidal et 
al. 1998; Yuan et al. 2011). Furthermore, EnvZ/OmpR was also seen to be involved in 
the regulation of the type III secretion system genes in pathogenic bacteria, such as 
Salmonella typhimurium, Yersinia enterocolitica, Erwinia amylovora and Pseudomonas 
syringae (Brzostek et al. 2007; Feng et al. 2003; Feng et al. 2004; Li and Zhao 2011). 
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    1.5. The chickpea-rhizobia symbiosis  
  
 The Mesorhizobium genus is one of the least studied among rhizobia, however this 
group represents an outstanding model to study the evolution of symbiosis due to its wide 
geographic spread, diverse organization of symbiotic genes and growing number of genomes 
available (Laranjo et al. 2014). Bacteria from this genus have a host range that can be very 
narrow, as appears to be the case of the type strains of M. mediterraneum and M. ciceri that 
are known to nodulate only Cicer species (Nour et al. 1995; Nour et al. 1994), or may be wider, 
for example M. plurifarium and M. tianshanense nodulating legumes of different genera (Chen 
et al. 1995; de Lajudie et al. 1998). Mesorhizobium species establish symbiotic relationships 
with legumes in temperate, tropical, subtropical clime and even in arctic areas (Chen et al. 
2005), and can also colonize the host plant as endophytes (Wei et al. 2007). 
Studies with diazotrophs typically have the goal of using knowledge generated in the 
production of inoculants for crops of agronomic interest. For example, Mesorhizobium species 
are able to associate symbiotically with chickpea (Cicer arietinum L.), an important grain used 
for feed or with biserrula (Biserrula pelecinus L.), a forage used for pasture (Laranjo et al. 
2014). 
There are currently 43 species of Mesorhizobium standing on the List of bacterial names 
standing in nomenclature (http://www.bacterio.net), however this number is increasing mostly 
due to the identification of microsymbionts from newly studied wild legumes  (Euzéby 1997). 
The main gene used for phylogenetic purposes is the 16S rRNA, but other genes have been 
also used for this purposes as dnaK (Stepkowski et al. 2003), recA and atpD (Vinuesa et al. 
2005) and the dnaJ gene (Alexandre et al. 2008). 
Chickpea (Cicer arietinum, L.) is an agronomically important crop belonging to the 
Fabaceae family cultivated for over 10,000 years (Albala 2007). It is the third most important 
grain legume cultivated in several areas, such as Asia, Mediterranean regions, Australia, 
Canada, the USA and Africa (Acharjee and Sarmah 2013). Worldwide cultivated in more than 
50 countries, the chickpea production covers an area of 14 million hectares and its production 
is approximately 13 million tonnes. Asia is largest producer of chickpeas in the world (76% of 
the total production) followed by Middle East and northern Africa. In Portugal the last 
production data vary from 500 to 600 tonnes, whereas  Europe as a whole produced 
approximately 164 000 tonnes (FAOSTAT 2014). 
The importance of this crop is mainly due its rich nutritional value, with a total protein 
content ranging from 17 to 30 % (Jukanti et al. 2012). Therefore, chickpea is a low-price 
alternative to replace the lack of other protein source in developing countries. On average the 
estimated amounts of N fixed by chickpeas under regular precipitation and drought stress 
conditions are 60 kg/ha (Unkovich and Pate 2000) and 19–24 kg/ha (Carranca et al. 1999), 
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respectively. 
Currently three species of the Mesorhizobium genus were described as chickpea 
microsymbiont, namely Mesorhizobium ciceri (Nour et al. 1994), Mesorhizobium 
mediterraneum (Nour et al. 1995) and more recently Mesorhizobium muleiense (Zhang et al. 
2012). However, several studies have shown that other Mesorhizobium species are able to 
nodulate and fix nitrogen in symbiosis with chickpea (Alexandre et al. 2009; Laranjo et al. 2004; 
Laranjo et al. 2012; Nandwani and Dudeja 2009; Rivas et al. 2007; Tena et al. 2017). 
 
The main aim of the present study is to improve the symbiotic performance of 
chickpea Mesorhizobium strains, through the overexpression of symbiotic and stress 
response genes. Two symbiosis genes encoding important regulator were selected, 
namely nifA, which is involved in the nitrogen fixation process, and nodD, which is 
involved in the nodulation process. In addition, two stress response genes were 
analysed, namely the groEL gene, which encodes an important chaperone and seems 
to be indirectly involved in the symbiosis, and the envZ gene, which encodes one protein 
of the two-component system EnvZ/OmpR, known as an osmosensor complex in E. coli.  
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Chapter 2 
 
Improvement of mesorhizobia strains by 
additional copies of nifA 
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2.1. Summary  
 
In diazotrophic bacteria, the nifA gene encodes a regulatory protein that controls the 
expression of the nitrogenase operon nifHDK, among other genes. The aim of this work 
was to investigate the effect of overexpressing the nifA gene in the symbiosis between 
mesorhizobia and chickpea (Cicer arietinum L.). The Mesorhizobium sp. ST-2, V-15b, 
PMI-6 and UPM-Ca36T strains were transformed with plasmid pRKnifA (pRK415 with the 
nifA gene from M. mediterraneum UPM-Ca36T) and pRK415. The free-living phenotypes 
and symbiotic performance of the transformed strains were evaluated. The strains 
ST2pRKnifA, PMI6pRKnifA and Ca36pRKnifA did not show any improvement in the 
symbiotic effectiveness. On the other hand, plants inoculated with V15bpRKnifA showed 
a significantly higher shoot dry weight and consequently an improvement in the symbiotic 
effectiveness (about four times higher than V15bpRK415). Nodules from plants 
inoculated with V15bpRKnifA were larger and had a larger fixation zone and hydroponic 
assay showed that extra nifA copies in V-15 improved its ability to form nodules. In 
addition, the swimming ability was also improved in the strain V15bpRKnifA. Analyzes of 
root hairs of plants inoculated with V-15b, V15bpRK415 and V15bpRKnifA did not reveal 
any difference regarding colonization, curling or infection thread formation.  
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2.2. Introduction 
 
Despite its abundance in the atmosphere, nitrogen is one of the main limiting 
factors of global agricultural production (Hoffman et al. 2014). Some bacteria, such as 
rhizobia, are able to promote plant growth by fixing atmospheric nitrogen, while in 
symbiosis with leguminous plants as bacteroids, in the root nodules (Haag et al. 2013).  
Bacterial species of the genus Mesorhizobium are reported to fix atmospheric 
nitrogen when in symbiosis with several legumes species, some with high agronomic 
importance such as chickpea (Cicer arietinum L.), which is used for food and forage 
(Laranjo et al. 2014). For the establishment of an effective symbiosis two main classes 
of bacterial symbiosis genes are needed: nodulation and nitrogen fixation genes. Despite 
the fact that many studies have addressed these genes, there are few reports on the role 
of genes related to nodulation and nitrogen fixation in chickpea mesorhizobia.  
In bacteroids, the NifA regulon includes the operon nifHDK, which encode the 
nitrogenase complex (Novichkov et al. 2013). NifA is also required for transcription of 
fixABCX, nifN and nifB. Moreover, in bacteria such as Sinorhizobium meliloti, NifA 
controls other genes that are not directly involved in nitrogen fixation, but are related to 
competitiveness, nodulation efficiency, development of nodules and bacteroid 
persistence, such as nfe (nodule formation efficiency) and mos (rhizopine synthesis) 
(Fischer 1994). Further characterization of the NifA-RpoN regulon in Mesorhizobium loti 
R7A has revealed other genes under the control of this regulator, such as a porin-
encoding gene required for an effective symbiosis (Sullivan et al. 2013). In Rhizobium 
leguminosarum symbiotic nifA expression is under positive autoregulation by NifA and 
originates from a promoter (PnifA1) located 4.7 kb upstream of nifA (Martinez et al. 2004).  
The nitrogenase enzyme complex, formed by two protein units, the Iron - protein 
(encoded by nifH) and the Molybdenum-Iron-protein (encoded by nifD and nifK genes), 
is responsible for nitrogen fixation in the nodule (Hoffman et al. 2014). The limitation of 
oxygen is a key factor in the expression of nif and fix genes (Soupène et al. 1995), since 
the nitrogenase complex is irreversebly inactivated by O2. The fixL and fixJ genes encode 
a regulatory system in which the oxygen sensor FixL transfers phosphate to the response 
regulator FixJ. The phosphorylated FixJ positively controls the transcription of nifA and 
fixK in Sinorhizobium meliloti (Gilles-Gonzalez et al. 1991). On the other hand, FixK 
induces the expression of fixNOQP and negatively affects the expression of nifA (Batut 
et al. 1989).  
nifA mutants of Bradyrhizobium japonicum inoculated in soybean induced the 
formation of numerous nodules, although with reduced size and unable to fix nitrogen 
(Fischer et al. 1986). Gong et al. (2006) showed that S. meliloti nifA mutants induced a 
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different gene expression profile from wild-type strain in alfalfa nodules. Some of these 
genes are involved in signal communication, protein degradation, nutrient metabolism, 
cell growth and development. 
Several reports describe the use of additional copies of nifA in rhizobia, 
nevertheless these studies are limited to the Sinorhizobium genus. Initial studies on the 
nifA gene from Klebsiella pneumoniae showed that its overexpression in S. meliloti 
increased competitiveness on alfalfa plants (Sanjuan and Olivares 1991). However, a 
later study by van Dillewijn and co-workers (1998) showed that the expression of nifA 
from K. pneumoniae does not affect the S. meliloti competitiveness. On the other hand, 
a similar study in Sinorhizobium fredii reported that extra copies of the nifA gene of K. 
pneumoniae accelerated the nodulation and increased competitiveness on soybean 
(Jieping et al. 2002). A more recent study described that extra copies of the nifA gene in 
S. meliloti 1021 improved the nitrogen-fixing efficiency in Medicago sativa root nodules 
to a greater extent than that observed upon transfer of the Enterobacter cloacae nifA 
gene (Chengtao et al. 2004). Furthermore, Bosworth et al. (1994) performed field trials 
with alfalfa using S. meliloti modified with extra nifA and dctABD copies obtaining an 
increased alfalfa biomass by 12.9% compared with the yield achieved with the wild-type 
strain. 
The objective of this study was to evaluate the effect of overexpressing the nifA 
gene in the nodulation and symbiotic effectiveness (SE) of Mesorhizobium strains, 
namely to evaluate if a higher expression of this regulator gene could lead to an 
improvement of the symbiotic performance. Four Mesorhizobium strains able to nodulate 
chickpea were transformed with additional copies of the nifA gene from M. 
mediterraneum UPM-Ca36T, cloned in the expression vector pRK415.  
 
2.3. Material and Methods 
 
Bacterial strains and Growth Conditions 
 
The bacterial strains and plasmids used in this study are listed in table 1. Three 
chickpea mesorhizobia, isolated from Portuguese soils and previously characterized, 
were selected: V-15b-Viseu, PMI-6-Portimão and ST-2-Setúbal (Alexandre et al. 2009; 
Brígido et al. 2012a; Laranjo et al. 2008). In addition, the type strain of Mesorhizobium 
mediterraneum (strain UPM-Ca36) was also used (Nour et al. 1995). 
The mesorhizobia strains were routinely grown at 28º C in tryptone-yeast (TY) 
medium (Beringer 1974b). The growth medium for pRK415-transformed mesorhizobia 
strains was supplemented with tetracycline (15 μg.ml-1). The Escherichia coli DH5α and 
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MT616 strains were grown in Luria-Bertani (LB) medium (Sambrook and Russell 2001) 
at 37º C. For the E. coli strains containing pRK415, 15 μg.ml-1 of tetracycline was used, 
while for the strain MT616 with pRK600, the medium was supplemented with 25 μg.ml-1 
of chloramphenicol. 
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Table 1 Bacterial strains and plasmids used in this work 
Plasmids/Strains Characteristics Reference 
pRK600 pRK2013 npt::Tn9. Cmr (Finan et al. 1986) 
pRK415 Broad-host-range vector; Tcr (Keen et al. 1988) 
pRKnifA Plasmid pRK415 containing the nifA gene 
from M. mediterraneum UPM-Ca36T; Tcr 
This work 
pMRGFP Plasmid containing the gfp gene; Kmr (García-Fraile et al. 2012) 
E. coli   
MT616 Strain containing the helper plasmid 
pRK600 
(Finan et al. 1986)Finan et al 
1986 
DH5α Competent cells NZYTech 
Mesorhizobium   
V-15b Mesorhizobium sp. V-15b-Viseu isolated 
from chickpea root nodules 
(Alexandre et al. 2009) 
ST-2 Mesorhizobium sp. ST-2-Setubal 
isolated from chickpea root nodules 
(Alexandre et al. 2009) 
PMI-6 Mesorhizobium sp. PMI-6-Portimão 
isolated from chickpea root nodules 
(Portugal) 
(Alexandre et al. 2009) 
UPM-Ca36T Mesorhizobium  mediterraneum UPM-
Ca36T isolated from chickpea root nodules 
from Spain 
(Nour et al. 1995) 
V15bpRKnifA V-15b strain harboring pRKnifA This work 
ST2pRKnifA ST-2 strain harboring pRKnifA This work 
PMI6pRKnifA PMI-6 strain harboring pRKnifA This work 
Ca36pRKnifA UPM-Ca36T strain harboring pRKnifA This work 
V15bpRK415 V-15b strain harboring pRK415 This work 
ST2pRK415 ST-2 strain harboring pRK415 This work 
PMI6pRK415 PMI-6 strain harboring pRK415 This work 
Ca36pRK415 UPM-Ca36T strain harboring pRK415 This work 
V15bGFP V-15b strain harboring pMRGFP This work 
V15bpRKnifAGFP V-15b strain harboring pRKnifA and 
pMRGFP 
This work 
V15bpRK415GFP V-15b strain harboring pRK415 and 
pMRGFP 
This work 
 
 
Transforming the strains with the nifA gene 
 
The nifA gene from Mesorhizobium mediterraneum UPM-Ca36T (accession 
number KT285486) was obtained by PCR amplification. Strain UPM-Ca36T is the M. 
mediterraneum type strain that nodulates chickpea (Nour et al. 1995). The PCR was 
performed in 50 μl using 1 μL of DNA, 1× Buffer for KOD Hot Start DNA Polymerase, 0.2 
mM of each dNTP, 1.5 mM MgCl2, 15 pmol of each primer and 0.02 U of KOD Hot Start 
DNA Polymerase (Novagen). The primers used were nifAi-F (5’-
AAGCTTAATGGGCTGCCAAATGGAACG-3’) and nifA-R (5’-
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AAGCTTTCAGAGACGCTTGATCTCGA-3’). The amplification program was: 2 min at 95 
°C, 30 cycles of 20 s at 95 ºC, 10 s at 62 °C, and 21 s at 70 ºC. The obtained nifA 
fragment of 1050 bp was cloned in pCR-BluntTM vector (ThermoFisher Scientific), 
sequenced and subcloned in the expression vector pRK415, previously digested with 
HindIII.  
The four chickpea mesorhizobia strains were transformed by triparental mating 
with the plasmid pRK415 containing the exogenous nifA gene under the control of the 
lac promoter (pRKnifA). E. coli DH5α cells containing the plasmid pRKnifA were used as 
the donor, mesorhizobia isolates were the recipient and E. coli MT616 cells, with pRK600 
acted as helper, as described by Nascimento et al. (2012b). The pRKnifA-transformed 
strains were named V15bpRKnifA, ST2pRKnifA, PMI6pRKnifA and Ca36pRKnifA. The 
mesorhizobia strains were also transformed with pRK415 and named V15bpRK415, ST-
2pRK415, PMI6pRK415 and Ca36pRK415.  
In order to confirm the transformation of mesorhizobia cells with pRKnifA, total 
DNA was extracted according to Rivas et al. (2001) and used to amplify the region of the 
expression vector that includes the nifA gene. A DNA fragment of 1181 bp is expected 
using the universal primers M13F and M13R-pUC. The PCR reaction was performed in 
a final volume of 50 μL, using 5 μL of DNA, 1× reaction Green GoTaq® Flexi buffer, 0.2 
mM of each dNTP, 1.5 mM MgCl2, 15 pmol of each primer and 0.625U of GoTaq® G2 
Flexi DNA Polymerase (Promega). The amplification program was: 2 min of initial 
denaturation at 95 °C, 30 cycles of 60 s at 95 ºC, 45 s at 56 °C, 71 s at 72 ºC, and a final 
extension of 5 min at 72 ºC. 
Once the transformations were confirmed, strains harboring pRKnifA or pRK415 
were transformed with pMRGFP (containing the gfp gene) by triparental mating, as 
described above. These transformations were confirmed by fluorescence microscopy 
observations. 
 
 
Confirmation of exogenous nifA gene expression and analysis of nifH expression 
by semiquantitative RT-PCR 
 
In order to confirm the expression of the nifA gene cloned in pRK415 and to 
evaluate changes in the nifH expression, semiquantitative RT-PCR analyses were 
performed (Moscatiello et al. 2009). Total RNA of V-15b transformed strains 
(V15bpRKnifA and V15bpRK415) was extracted using the GeneJET™ RNA Purification 
Kit (ThermoFisher Scientific), from bacteria grown in TY at 28 ºC for 18 hours, with a final 
OD540 of 0.4 and from nodules of Cicer arietinum plants 21 days after inoculation. DNase 
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I (Roche Diagnostics) was used to eliminate DNA contamination, followed by RNA 
cleanup using GeneJET™ RNA Purification Kit. Approximately 500 ng of total RNA were 
subjected to reverse transcription for cDNA synthesis, using the Reverted first strand 
cDNA synthesis kit (ThermoFisher Scientific). The cDNA obtained was used for PCR 
amplification of nifA gene (primers nifA-F 5’- CGCTTTGAGGCTGCCGACAA-3’ and nifA-
R 5’- AAGCTTTCAGAGACGCTTGATCTCGA-3’), which generates a fragment of 759 
bp. The PCR reaction was performed in a final volume of 25 μL, using 4 μL of cDNA, 1× 
reaction Green GoTaq® Flexi buffer, 0.2 mM of each dNTP, 1.5 mM MgCl2, 15 pmol of 
each primer and 0.125U of GoTaq® G2 Flexi DNA Polymerase (Promega). The 
amplification program was: 2 min of initial denaturation at 95 °C, 30 cycles of 60 s at 95 
ºC, 45 s at 55 °C, 46 s at 72 ºC, and a final extension of 5 min at 72 ºC.  
For amplification of the nifH, PCR was performed in a final volume of 25 μL as 
described for nifA amplification. The primers used were NifHintFW (5’-
TCCACCACGTCCCAAAATAC-3’) and NifHintRv (5’-CTCTGTAGCCCACCTTGAGC-
3’). The amplification program was: 2 min of initial denaturation at 95 °C, 30 cycles of 60 
s at 95 ºC, 60 s at 56 °C, 12 s at 72 ºC, and a final extension of 5 min at 72 ºC. The 
reaction generates a fragment of 200 bp. 
The 16S rRNA gene amplification was used to normalize the relative nifA and 
nifH transcript abundance. The primers IntF and IntR (Laranjo et al 2004), were used to 
generate a fragment of 199 bp. The PCR reaction was performed in a volume of 25 μL, 
using 1 μL of cDNA, 1× reaction Green GoTaq® Flexi buffer, 0.2 mM of each dNTP, 1.5 
mM MgCl2, 15 pmol of each primer and 0.125U of GoTaq® G2 Flexi DNA Polymerase 
(Promega). The amplification program was: 2 min of initial denaturation at 95 °C, 20 
cycles of 60 s at 95 ºC, 60 s at 56 °C, 12 s at 72 ºC, and a final extension of 5 min at 72 
ºC.  
Positive controls using total DNA of V-15b strain as template and negative 
controls without reverse transcriptase enzyme were performed. Densitometric analysis 
of ethidium bromide–stained agarose gels was performed using Kodak Digital Science 
1D version 2.0.3 (Eastman Kodak Company).  
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Evaluation of symbiotic performance 
 
In order to evaluate if the presence of the additional nifA gene improved the 
symbiotic performance of the mesorhizobia strains, a plant growth trial under controlled 
conditions was performed using chickpea plants grown in pots and inoculated with both 
the wild-type and the transformed strains. Chickpea seeds were surface-sterilized and 
pre-germinated as previously described. After germination, the seedlings were 
transferred to plastic pots filled with sterile vermiculite and inoculated (Alexandre et al. 
2009). 
The rhizobia strains were grown in TY liquid medium at 28° C for 72 h. Cell culture 
was centrifuged at 10.000 × g, resuspended in fresh TY liquid medium to an OD540 of 1.0 
and 1 ml of this bacterial suspension was used to inoculate each seedling. Five replicates 
were used for each treatment. A nitrogen-free nutrient solution (Broughton and Dilworth 
1971) was applied three times a week. Uninoculated plants were used as negative 
control and plants watered with N-supplemented nutrient solution were used as positive 
control. Plants were grown in a growth chamber under a 16 h-light and 8 h-dark cycle 
and 24° C-day and 18° C-night temperature at a relative humidity of 65%. After 8 weeks 
the plants were harvested and several parameters were measured, namely shoot dry 
weight (SDW), root dry weight (RDW), number of nodules (NN), average weight per 
nodule (AWN). Symbiotic effectiveness (SE) was calculated using the following formula 
(Gibson 1987): 
SE = (SDW inoculated plants - SDW negative control plants) / (SDW positive 
control plants - SDW negative control plants). 
Statistical analysis included analysis of variance and the data were compared by 
one-way ANOVA and the Duncan's Multiple Range Test (P < 0,05), using SPSS statistics 
V.21 (SPSS Inc). 
Based on the results obtained in the symbiotic performance evaluation, 
mesorhizobia strain V-15b and its derivates were selected to be used for further 
analyses. 
 
Growth curves 
 
 Triplicates of wild-type strain V-15b as well as its corresponding transformed 
strains with pRK415 and pRKnifA were cultured in 5 mL of TY medium (supplemented 
with 15 μg.ml-1 tetracycline in the case of strains carrying plasmids pRK415 and pRKnifA) 
during 142 h. The optical densities at 540 nm (O.D. 540) were measured every 24 hours, 
in order to generate the corresponding growth curves.  
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Motility assay 
 
 To compare the swimming ability between the wild-type (V-15b) and transformed 
strains (V15bpRK415, V15bpRKnifA), a motility assay was performed in TY plates 
containing 0.25% agar (Rouws et al. 2008). An aliquot of 10 μl of cell suspension (O.D. 
540 of 0.1) was inoculated in the center of the Petri dishes and after 20 days of incubation 
at 28º C the diameter of the halo formed was measured. 
 
Evaluation of Nodulation Kinetics  
 
The nodulation kinetics were evaluated through a hydroponic assay using 
chickpea plants inoculated with V15bpRK415 and V15bpRKnifA (OD 540 nm of 0.6). The 
procedures were conducted as previously described in Brígido et al.  (2012b). Eight 
seeds per treatment were used and the number of nodules was evaluated every three 
days during 33 days. Plants were kept on a growth chamber under the same conditions 
describe above for the evaluation of symbiotic performance. 
 
Histological analysis of nodules  
 
Nodules were excised from 7-week-old chickpea plants and processed for 
sectioning and histological observation by bright field microscopy. Briefly, nodules were 
fixed in a 4% formaldehyde solution, dehydrated in an increasing ethanol series and 
embedded in paraffin. Cross-sections of embedded nodules (2 μm) were stained with 
0.1% Toluidine Blue solution. Histological sections of nodules were examined under a 
Nikon SMZ800 stereomicroscope and Nikon Eclipse 80i microscope. 
 
Analysis of rhizobia infection process  
 
Pre-germinated chickpea seeds were inoculated with GFP-tagged (single 
infection) mesorhizobia strains, as described by Robledo et al. (2011). Chickpea roots 
and root hairs were stained with 10 μM propidium iodide (Sigma-Aldrich) (Flores-Félix et 
al. 2015). Projections were made from adjusted individual channels and accumulating 
stacks using Leica software. The analysis of root hairs 3 to 7 days after inoculation were 
performed using a Confocal Laser Scanning Microscope (Leica TCS SPE) equipped with 
solid-state laser, allowing visualization of GFP (488 nm), RFP and propidium iodide (532 
nm) fluorescence. 
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2.4. Results  
Confirmation of nifA overexpression and evaluation of nifH expression 
NifA is a positive regulator of genes involved in nitrogen fixation, namely genes 
encoding the nitrogenase complex, the nifHDK operon. In order to confirm that the nifA 
transcript was more abundant in the V15bpRKnifA than in theV15bpRK415 strain as well 
as to evaluate if the expression of the gene nifH was higher in the former strain due to 
the higher NifA amounts, a semiquantitative analysis of these genes expression was 
performed by RT-PCR. The results presented in Fig. 1A show that the nifA expression 
levels in free-living V15bpRKnifA cells are approximately four fold higher than in the 
V15bpRK415 cells. The expression of the same gene was also evaluated in bacteroids 
(21 days after inoculation) and the transcript levels in V15bpRKnifA were approximately 
three fold higher than in V15bpRK415 bacteroids (Fig. 1B). 
To evaluate if higher levels of nifA transcript lead to higher NifA amounts and 
consequently to higher transcript levels of the NifA regulon genes, the expression levels 
of the nifH gene were evaluated in bacteroids. The results show that in V15bpRKnifA 
bacteroids the expression of nifH is approximately two fold higher than in V15bpRK415 
bacteroids (Fig. 1B). 
 
Figure 1. Analysis of nifA and nifH expression by semiquantitative RT-PCR in 
V15bpRK415 and V15bpRnifA strains. A - nifA gene expression in free-living cells and 
B - nifA and nifH genes expression in bacteroids. 1 - V15bpRK415 and 2 - V15bpRKnifA 
strains.  
 
 
Evaluation of the symbiotic performance 
 
 In order to evaluate the effect of the extra nifA copies in the symbiotic 
performance of the transformed strains, several plant parameters were evaluated in a 
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plant growth assay. The Number of Nodules (NN), Root Dry Weight (RDW), Shoot Dry 
Weight (SDW) as well as Symbiotic Effectiveness (SE) were determined using inoculated 
chickpea plants grown in pots under controlled conditions. 
No nodules were found in the roots of plants used as positive control (non-
inoculated plants supplemented with nitrogen) and negative control (non-inoculated 
plants with no nitrogen source). 
Although there were no significant differences in the number of nodules obtained 
with the three V-15b strains (Table 2), the AWN from plants inoculated with V15bpRKnifA 
was about three times higher than those inoculated with V15b or V15bpRK415.  
In terms of plant growth, the results show that chickpea plants inoculated with 
V15bpRKnifA have a higher shoot dry weight compared to plants inoculated with 
V15bpRK415 (Table 2). The SDW data were used to calculate the SE, which was 
significantly increased by the overexpression of the nifA gene (Table 2). Although the 
increase in SDW, and consequently in SE, of the strain V15bpRKnifA is not statistically 
significant when compared to the wild type strain, the SE of strain V15bpRKnifA is about 
4 times higher than the SE of strain V15bpRK415. No significant differences were 
obtained between the root dry weight of the plants inoculated with the three strains (Table 
2).  
With the exception of the number of nodules that was higher in plants inoculated 
with PMI6pRKnifA, none of the other parameters were improved when plants were 
inoculated with PMI6pRKnifA, ST2pRKnifA and Ca36pRKnifA compared with their 
respective strains harboring the pRK415 (Table 2). Therefore, only V-15b and its 
transformed strains were used for the following assays. 
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Table 2. Results obtained from pot assays of chickpea plants inoculated with wild type 
or transformed strains. 
Strain SDW (g) RDW (g) NN AWN (mg) SE (%) 
V-15b 0,507 + 0,269 ab 0,306 + 0,169 a 101 + 56 a 0,659 + 0,291 b  15,98 + 18,5 ab 
V15bpRK415 0,385 + 0,151 b 0,274 + 0,143 a 117 + 51 a 0,576 + 0,732 b 7,60 + 10,3 b 
V15bpRKnifA 0,716 + 0,214 a 0,362 + 0,134 a 76 + 22 a 1,684 + 0,052 a 30,33 + 14,7 a 
PMI-6 1,349 + 0,389 a 0,636 + 0,232 a 42 + 21 b 4,470 + 1,647 ab 40,87 + 14,3 a 
PMI6pRK415 1,511 + 0,279 a 0,608 + 0,080 a 33 + 5 b 6,459 + 1,435 a 46,84 + 10,3 a 
PMI6pRKnifA 1,675 + 0,281 a 0,730 + 0,260 a 72 + 15 a 2,912 + 1,664 b 52,88 + 10,4 a 
UPM-Ca36T 1,592 + 0,266 a 0,784 + 0,113 a 52 + 16 a 4,335 + 1,060 a 49,84 + 9,8 a 
Ca36pRK415 1,514 + 0,200 a 0,766 + 0,174 a 47 + 18 a 6,855 + 2,398 a 46,94 + 7,4 a 
Ca36pRKnifA 1,571 + 0,391 a 0,703 + 0,201 a 60 + 22 a 5,659 + 3,339 a 49,03 + 14,4 a 
ST-2 1,427 + 0,442 a 0,833 + 0,191 a 48 + 14 a 3,799 + 1,355 a 43,73 + 16,2 a 
ST2pRK415 1,336 + 0,211 a 0,850 + 0,162 a 41 + 8 a 3,591 + 1,175 a 40,38 + 7,8 a 
ST2pRKnifA 1,641 + 0,261 a 0,912 + 0,243 a 57 + 13 a 4,253 + 0,302 a 51,61 + 9,6 a 
Different letters in the same group of strains indicate statistically significant differences (P<0,05). SDW - 
Shoot Dry Weight; RDW - Root Dry Weight; NN - Number of Nodules; AWN - Average Weight per Nodule; 
SE - Symbiotic Effectiveness 
 
 
Growth curves 
 
In order to characterize the growth kinetics, V15b, V15bpRK415 and 
V15bpRKnifA strains were grown in TY medium. A higher growth rate of the wild-type 
was obtained particularly in the exponential phase, compared to the transformed strains 
(Fig. 2A). This is probably due to the energy required for the replication of plasmids 
pRK415 and pRKnifA. The growth curves of the three V-15b strains are different, with 
the wild-type growing faster and the V15bpRKnifA growing slower. 
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Figure 2. Growth curves in TY of V-15b, V15bpRK415 and V15bpRKnifA strains. Bars 
represent standard deviation. 
 
 
Motility assay 
 
The motility can affect the infection ability of rhizobia (Caetano-Anollés et al 1988; 
Gay-Fraret et al 2012). In order to test the influence of extra copies of nifA in the 
swimming ability, motility assays were performed using the wild-type and transformed 
strains of V-15b. 
The strain V15bpRKnifA displayed a halo with a radius slightly larger than the 
wild type and larger than V15bpRK415 at 20 days after inoculation, indicating a faster 
swimming ability of the strain with extra nifA copies. These results suggest that the 
expression vector alone affects the swimming ability (Fig. 3). 
 
 
Figure 3. Swimming ability of A - V-15b, B - V15bpRK415 and C - V15bpRKnifA strains 
in TY culture medium containing 0.25% agar. The strains were grown at 28 ºC for 20 
days.      
 
 
Kinetics of nodulation 
In order to evaluate the effect of additional nifA copies in the kinetics of nodulation 
of chickpea plants, a hydroponic assay was conducted and the number of nodules was 
monitored for 35 days post inoculation (dpi).  
An initial delay of, at least, two days was observed in the formation of the first 
nodules by V15bpRK415 compared to V15bpRKnifA inoculation (Fig. 4). In addition, the 
plants inoculated with V15bpRKnifA showed a higher number of nodules throughout the 
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hydroponic trial. At 34 dpi the highest difference was observed in the number of nodules 
between plants inoculated with the V15bpRKnifA strain and those inoculated with 
V15bpRK415. These results suggest that the presence of extra copies of the nifA gene 
improve the nodulation efficiency of strain V-15b and that this gene is involved in the 
chickpea nodulation process.  
 
Figure 4. Nodulation kinetics of chickpea plants. Average number of nodules for plants 
inoculated with V15bpRK415 and V15bpRKnifA strains. Bars represent standard error. 
 
Histological analysis of nodules 
 
Although nodule number was not significantly different among the three 
treatments in the pot trial performed to evaluate the symbiotic effectiveness, the average 
weight per nodule from V15bpRKnifA inoculated plants is higher than in the V-15b and 
V15bpRK415 inoculated plants. In order to determine if there is an alteration of the inner 
nodule morphology, a histological analysis of the nodules cross-sections was performed. 
Histological sections of nodules collected seven weeks after inoculation (Fig. 5) 
showed that V-15b, V15bpRK415 and V15bpRKnifA formed indeterminate nodules in 
which nodule zones I, II, III and IV (Vasse et al. 1990) were well-defined (Fig. 5A, E, I). 
Nodules from V15bpRKnifA treatment showed a more developed fixation zone (Fig. 5I) 
than V-15b and V15bpRK415 nodules (Fig. 5A, E). Higher magnification of infection (Fig. 
5C, G, K) and fixation (Fig. 5D, H, L) zones confirms that there are no structural 
differences in these zones, showing typical infection threads (IT) ends and cells 
containing bacteroids, respectively. However, it is noticeable that the fixation zone in 
V15bpRKnifA nodules occupies a larger area of the nodule than in V-15b and 
V15bpRK415 nodules. It is remarkable the presence of an extra zone in nodules from 
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V15bpRK415 and V15bpRKnifA treatments, which harbour some similarities with the 
infection zones (Fig. 5F, J). This extra zone is not present in the V-15b induced nodules 
(Fig 5B).  
 
 
Figure 5. Histological sections of nodules from chickpea plants inoculated with chickpea 
mesorhizobia V-15b and its derivatives (V15bpRK415 and V15bpRKnifA). Structures of 
whole nodules induced by A - V-15b, E - V15bpRK415 and I - V15bpRKnifA strains. 
Panels B, F and J showed the area marked with squares in the panels A, E and I, 
respectively, showing the fixation zone on a higher magnification. Infection zone are 
showed in panels C, G, K and the fixation zone in panels D, H, L with a higher 
magnification. Scale bars are 1mm (A, E and I); 500 μm (B, F and J); 16 μm (C, G, K, D, 
H and L).  
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Colonization and infection thread   
 
In order to determine if the overexpression of the nifA gene may be inducing 
changes in the mesorhizobia-chickpea infection process, in vitro infection assays were 
performed.  
Mesorhizobial infection process was analysed on roots of chickpea seedlings 
during the early steps of the interaction (4-7 dpi). V15bGFP, V15bpRK415GFP and 
V15bpRKnifAGFP were able to effectively colonize and infect chickpea roots and root 
hairs, showing typical caps, curlings and infection threads.  
No clear differences in the structures or levels of infection threads formation were 
found among V15bGFP, V15bpRK415GFP and V15bpRKnifAGFP inoculated plants. As 
an example, Fig. 6 shows chickpea root hairs colonized by V15bpRKnifAGFP. 
 
 
Figure 6. Confocal laser scanning micrograph showing the colonization of chickpea root 
hairs inoculated with green fluorescent protein–tagged strain V15pRKnifAGFP. Scale 
bar: 25 µm 
 
2.5. Discussion 
 
In the present work, four Mesorhizobium strains able to nodulate chickpea were 
transformed with the nifA gene from M. mediterraneum UPM-Ca36T, cloned in the 
expression vector pRK415. The aim was to evaluate the effects of extra nifA copies in 
the symbiotic performance of these strains, namely a potential improvement of their SE.  
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The strains UPM-Ca36T, PMI-6 and ST-2 transformed with extra nifA copies did 
not show any improvement in the SE. On the other hand, V15bpRKnifA showed a 
significant increase of SE, compared to the V15bpRK415 strain. In addition, the pot 
assay revealed a higher AWN with V15bpRKnifA inoculation, indicating that the extra 
nifA copies contributed to the development of larger nodules. Thus, the NifA protein 
appears to influence the size and weight of nodules, probably acting as a regulator of 
genes involved in nodule development. Larger functional nodules probably contributed 
to the increase of the symbiotic effectiveness. These results agree with other studies 
suggesting that NifA influences the number and size of the nodules. For example, 
nodulation assays with Bradyrhizobium japonicum showing that nifA mutant strains 
induce about two times more nodules than the wild-type strain, but the dry weight per 
nodule was about four times smaller and these nodules were Fix- (Fischer et al. 1986). 
Similarly, Sanjuan et al. (1989) reported that S. meliloti nifA mutants can produce 
numerous, but small and white root nodules. It was reported that in a S. meliloti nifA 
mutant four nodulation-specific genes (nodH, nodL, nolF and noeB) were down-
regulated in 30-day nodules (Gong et al. 2006). 
Histological analysis of nodules collected seven weeks after inoculation showed 
that V-15b, V15bpRK415 and V15bpRKnifA formed indeterminate nodules with the 
expected zones, however the fixation zone observed in nodules from plants inoculated 
with V15bpRKnifA was larger than that observed in nodules from plants inoculated with 
V-15b and V15bpRK415. These results confirm that, in addition to the contribution of nifA 
to the AWN increase, it also contributed to increase of the fixation zone of these nodules, 
which is directly related with the amount of N fixed. 
The pot assay showed that the NN was not significantly different between the two 
transformed strains. Nevertheless, a hydroponic assay was conducted to evaluate the 
nodulation kinetics. Overall, the results from this assay suggest that the presence of the 
extra copies of nifA in V-15b increases the rate of nodules formation. Particularly at the 
end of the assay, V15bpRKnifA showed a significantly higher number of nodules 
compared to both wild-type and V15bpRK415 strains. Similar results were previously 
obtained with S. fredii using extra-copies of nifA from K. pneumoniae that resulted in an 
increase in the nodulation activity and nodulation competitiveness on soybean plants 
(Jieping et al. 2002). Furthermore, Sanjuan and Olivares (1991) reported that multicopy 
plasmids carrying the K. pneumoniae nifA gene enhanced S. meliloti nodulation 
competitiveness on alfalfa. The distinct results obtained in the number of nodules, when 
the pot trial is compared to the hydroponic assay, is probably due to the different duration 
of the two trials. The higher number of nodules induced by the inoculation of the 
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V15bpRKnifA is probably transient and since in the pot trial the number of nodules is 
only evaluated 7 weeks after inoculation, this difference no longer exists. 
The RT-PCR analyses indicate that the introduced nifA gene is transcribed. The 
extra nifA copies were confirmed to be expressed in both free-living and in the bacteroids 
of V15bpRKnifA. Thus, a higher amount of functional NifA protein is expected to be 
produced and consequently an upregulation of the nif, fix and other genes from the NifA 
regulon are likely to occur in this strain (Novichkov et al. 2013). Indeed, two fold higher 
expression levels of nifH were detected by RT-PCR in the bacteroids produced by 
V15bpRKnifA strain, compared with those found in V15bPRK415 bacteroids. The higher 
expression of nif as well as fix genes most probably contributed to the higher SE obtained 
with strain V15bpRKnifA. On the other hand, the nodulation kinetic assays suggest that 
additional nifA copies can increase the nodulation ability of chickpea rhizobia. It is likely 
that the higher amount of NifA regulator also induces higher expression of other genes 
involved in nodule development, bacteroids persistence or competitiveness, such as nfe 
(nodule formation efficiency) and mos (rhizopine synthesis) described in S.meliloti and 
groESL3 reported in B. japonicum (Fischer 1994). 
Since the extra nifA copies are constitutively expressed from the Plac promoter, 
we could expect that the difference between the expression levels in V15bpRKnifA and 
V15bpRK415 is higher in the free-living conditions than in the bacteroids. This is due to 
the endogenous nifA gene whose expression is higher in the microaerobic conditions 
found in the nodules than in free-living cells (Terpolilli et al. 2012). Indeed, in 
V15bpRKnifA free-living cells, the nifA transcript levels were four fold higher than those 
detected in V15bpRK415 cells, while in V15bpRKnifA bacteroids the expression levels 
were three fold the levels detected in V15bpRK415 bacteroids.  
Growth curves were performed to characterize the growth kinetics of V-15b and 
its transformed strains. The strain V15bpRKnifA and V15bpRK415 show a slower growth 
than the wild type strain, probably due to the presence of the large plasmids pRKnifA 
and pRK415, respectively.  
The ability to move in semi-solid culture media can be an indication of the 
infection efficiency of plant-interacting bacteria (Rouws et al. 2008). Motility assays with 
S. meliloti nifA mutants showed that disruption of the gene affected the swimming ability 
(Gong et al. 2007). Based on this study, we could expect that extra nifA copies could 
improve the motility of rhizobia. Indeed, V-15b strain transformed with pRKnifA had an 
improvement in its mobility compared with the wild type and V15bpRK415 strains. This 
higher motility could have contributed to improve the ability of this strain to colonize the 
roots and infect the root hair of inoculated plants, contributing to improve the rate of 
nodules formation. 
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In order to investigate in more detail the early steps of the infection process, the 
modified strains, as well as the wild type V-15b were transformed with fluorescent 
proteins (gfp) genes, inoculated in pre-germinated chickpea seeds and observed under 
confocal microscopy (4-7 dpi). V-15b, V15bpRK415 and V15bpRKnifA were able to 
effectively colonize and infect chickpea roots and root hairs and show typical caps, 
curlings and infection threads and no clear differences among these strains were 
observed in the early infection process.  
In spite of the negative effects due to the presence of the plasmid pRK415 per se 
in the mesorhizobia strains (lower growth rate), the overall effects of plasmid pRKnifA in 
the symbiosis phenotype indicate that the extra nifA copies are able to overcome those 
negative effects, since the strain V15bPRKnifA has a higher symbiotic performance 
compared to the V15bpRK415 strain.  
Future assays in field conditions can provide further information on the benefits 
of extra nifA copies in rhizobia inoculants. Previous field studies with a S. meliloti 
recombinant strain, which had an additional copy of both nifA and dctABD, showed an 
increase in alfalfa biomass by 12.9% compared with the yield obtained with the wild-type 
strain (lBosworth et al. 1994). 
Additional studies are required to understand the NifA precise role in the 
regulation of other genes involved in nitrogen fixation and nodulation. Nevertheless, the 
present study clearly indicates that the nifA overexpression in Mesorhizobium is able to 
benefit the host plant, significantly contributing to improve the symbiotic effectiveness. 
Therefore, the development of rhizobia strains with increased production of the NifA 
regulator seems a promising strategy to production of inocula for agronomic purposes. 
Future studies may involve the integration of an extra nifA copy in the genome of a 
chickpea Mesorhizobium strain to avoid the above mentioned negative effects of the 
expression vector. 
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Chapter 3 
 
Additional copies of nodD can improve the 
symbiotic effectiveness and the rate of 
nodulation of mesorhizobia strains 
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3.1. Summary  
 
In rhizobia, NodD protein plays an important role in the regulation of genes directly 
involved in the nodules formation. This protein interacts with flavonoids released by 
legume plants and this complex triggers the Nod factors synthesis. Nod factors are 
responsible for many changes of the symbiosis process such as, root hair curl, infection 
thread formation, induction of cell division and gene expression in the root cortex and 
pericycle, nodule development and the number of nodules. This study evaluates the 
effects in the symbiotic performance of three mesorhizobia strains (V-15b, PMI-6 and 
ST-2) overexpressing extra nodD copies. Plants inoculated with V15bpRKnodD showed 
a higher number of nodules compared with those inoculated with V15bpRK415. Plants 
inoculated with PMI6pRKnodD and ST2pRKnodD showed an improvement in the shoot 
dry weight and symbiotic effectiveness. Besides that, extra nodD copies seem to have 
caused an increase in the average weight per nodule in plants inoculated with 
ST2pRKnodD. A hydroponic assay was performed to evaluate the nodulation kinetics of 
plants inoculated with PMI6pRKnodD and ST2pRKnodD, compared to the 
corresponding strains harboring the pRK415. Both strains overexpressing nodD were 
highly efficient in nodules formation showing more nodules during the whole time of the 
assay. Moreover, PMI6pRKnodD induced the first nodules three days sooner than 
PMI6pRK415. To evaluate nodule histology, stained sections of several nodules were 
observed by microscopy. This analysis showed no differences between nodules formed 
by plants inoculated with ST2pRKnodD and those inoculated with ST2pRK415. Nodules 
formed by plants inoculated with PMI6pRKnodD, did not show the senescent zone than 
those inoculated with PMI6pRK415. Colonization and infection assays showed that the 
number of infection threads and bacteria on the root surface were higher in plants 
inoculated with strains harboring extra nodD copies. These results indicate that 
overexpressing nodD may be a powerful tool to achieve the improvement of 
mesorhizobia that may be used as inoculant in the future.  
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3.2. Introduction  
 Rhizobia can form endosymbiotic associations with legume plants. In this 
process, rhizobia reduce atmospheric dinitrogen into ammonium that becomes available 
to host plants. In exchange, legumes release photosynthesis products that are used as 
a source of energy by the microsymbionts (Oldroyd 2013). Biological nitrogen fixation is 
a very important process because it allows the reduction of the use of nitrogen fertilizers 
that have a high financial cost and may pollute the environment (Garg and Geetanjali 
2007; Glick 2015; Laranjo et al. 2014).  
The symbiosis between rhizobial bacteria and host plants is basically divided into 
two important steps: nodulation and nitrogen fixation. Before nodulation, a complex 
molecular “dialog” between legume and rhizobium takes place in the rhizosphere 
allowing the symbionts to recognize each other (Janczarek et al. 2015; Oldroyd 2013). 
Many compounds are exudated by legumes during the interaction with the 
microorganism, among them flavonoids are the most important, acting as 
chemoattractants to rhizobia (Cooper 2004; Cooper 2007b; Garg and Geetanjali 2007; 
Janczarek et al. 2015). An important aspect regarding  flavonoids is their interactions 
with the constitutively expressed NodD, a regulator of other rhizobial nodulation genes 
(e.g. nodABC) (Cooper 2004). The combination of these two compounds triggers the 
synthesis of specific reverse signal molecules by rhizobia called 
lipochitooligosaccharides (LCOs) or Nod factors. Nod factors are responsible for many 
advances of the symbiosis process such as, root hair curling, infection thread formation, 
induction of cell division and gene expression in the root cortex and pericycle and nodule 
development (Garg and Geetanjali 2007; Laranjo et al. 2014; Oldroyd 2013; van Brussel 
et al. 2002). In addition, it was reported that an extract containing rhizobial Nod factors 
increased the number of nodules in plants (Kidaj et al. 2012; Macchiavelli and Brelles-
Marino 2004; Maj et al. 2009; Podleśny et al. 2014) 
 NodD, encoded by the nodD gene, is associated to the membrane in several 
species (Schell 1993). This protein belongs to the LysR family transcriptor regulators and 
beyond being responsible for the activation of the main nodulation genes, it also may 
regulate, directly or indirectly, additional important symbiotic features such as 
polysaccharide production, phytohormone synthesis, motility, quorum-sensing, 
activation of the type III and IV secretion systems (del Cerro et al. 2015; Hubber et al. 
2007; Krause et al. 2002; Lopez-Baena et al. 2008; Pérez-Montaño et al. 2014; Theunis 
et al. 2004). 
 It was found through genomic studies that the number of copies of nodD in 
rhizobia may differ among species, varying between one to five copies, and moreover, 
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the properties of different NodD and their flavonoid preferences in the same strain may 
also vary (Broughton et al. 2000; del Cerro et al. 2015; Schlaman et al. 1998). nodD 
mutation in strains with only one copy frequently suppresses the nodulation (Nod-) (e.g. 
Rhizobium leguminosarum bv. trifolli) (Broughton et al. 2000). On the other hand, when 
nodD gene is mutated in strains carrying more than one copy, the nodulation suppression 
may or may not happen. For example, in Sinorhizobium freddi NGR234 the inactivation 
of nodD1 is sufficient to abolish nodulation, whereas in Sinorhizobium meliloti the 
mutation in three copies is needed to cause Nod- (Broughton et al. 2000; Honma and 
Ausubel 1987; Hungria et al. 1992). In Rhizobium tropici CIAT 899 the two nodD copies 
are needed to full nodulation of common bean (del Cerro et al. 2015). Machado and 
Krishnan (2003) showed that a nodD1 mutant of Sinorhizobium freddi USDA 191 was 
unable to nodulate soybean and the inactivation of nodD2 or addition of extra copies of 
nodD1 or nodD2 caused delayed nodulation and reduced the number of nodules.  
 The genus Mesorhizobium includes rhizobacteria that can associate with 
important legumes, such as chickpea (Cicer arietinum L.) and biserrula (Biserrula 
pelecinus L.) (Laranjo et al. 2014). Several studies have shown that Mesorhizobium 
strains associated with chickpea plants are diverse in symbiotic effectiveness (Alexandre 
et al. 2009; Laranjo et al. 2008; Laranjo et al. 2004; Rivas et al. 2007) and stress 
tolerance (Alexandre and Oliveira 2011; Brígido et al. 2012a; Brígido and Oliveira 2013). 
As in other rhizobia, the nodulation in mesorhizobia strains is controlled by NodD and 
some studies show that mutations in nod genes regulated by this protein caused diverse 
phenotypes in the host plant (Rodpothong et al. 2009). For example, nodZ and nolL 
mutants in Mesorhizobium loti R7A formed uninfected nodule primordia on Lotus filicaulis 
and Lotus corniculatus and effective nodules with a delayed nodulation on Lotus 
japonicus, and showed a reduction in infection threads formation, while double mutation 
of nodS and nolO did not affect the nodulation. Regarding nodD genes, nodD2 mutants 
did not affect the nodulation on the host plants tested, however nodD1 delayed the 
formation of nodules on Lotus japonicus and Lotus corniculatus and was unable to 
nodulate Leucaena leucocephala (Hubber et al. 2007; Rodpothong et al. 2009). Double 
mutant on nodD1 and nodD2 completely abolished nodulation, indicating that they are 
complementary in M. loti (Rodpothong et al. 2009).  
Previous studies performed with modified Mesorhizobium strains overexpressing 
varied genes could improve the number of nodules or accelerate de nodulation process 
in chickpea (Brigido et al. 2013; da-Silva 2017; Nascimento et al. 2012b; Nascimento et 
al. 2012a; Paço et al. 2016). However, the effects of overexpression of the nodD gene 
in mesorhizobia were never analyzed. Therefore, the aim of this study is to evaluate the 
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symbiotic performance of chickpea Mesorhizobium strains transformed with extra nodD 
copies. 
  
3.3. Material and Methods 
 
Bacterial strains and growth conditions 
 
Bacterial strains and plasmids used are listed in Table 1. Three previously 
characterized chickpea mesorhizobia strains isolated form Portuguese soils were used: 
V-15b-Viseu, ST-2-Setúbal, PMI-6-Portimão (Alexandre et al. 2009; Brígido et al. 2012a; 
Laranjo et al. 2008). These strains have only one copy of the gene nodD (Eliziário 2015). 
The mesorhizobia strains were grown in Tryptone-yeast (TY) medium at 28°C 
(Beringer 1974b) and tetracycline (15 μg.ml-1) was added into the medium for pRK415-
transformed strains. Kanamycin (50 μg.ml-1) and gentamycin (15 μg.ml-1) were added to 
TY medium for bacteria transformed with pMRGFP and pMP4661, respectively. 
Escherichia coli DH5α harboring pRK415 and MT616 (harboring pRK600) strains were 
grown in Luria-Bertani (LB) medium (Sambrook and Russell 2001) supplemented with 
15 μg.ml-1 of tetracycline and 25 μg.ml-1 of chloramphenicol, respectively.  
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Table 1 Bacterial strains and plasmids used in this work. 
Plasmids/Strains Characteristics Reference 
pRK600 pRK2013 npt::Tn9. Cmr (Finan et al. 1986) 
pRK415 Broad host-range vector; Tcr (Keen et al. 1988) 
pRKnodD Plasmid pRK415 containing the nodD gene 
from M. mediterraneum UPM-Ca36T; Tcr 
(Eliziário 2015) 
pMRGFP Plasmid containing the gfp gene; Kmr (García-Fraile et al. 
2012) 
pMP4661 Plasmid containing the rfp gene; Gmr (Bloemberg et al. 
2000) 
E. coli   
MT616 Strain harboring the helper plasmid pRK600 (Finan et al. 1986) 
DH5α Competent cells NZYTech 
Mesorhizobium   
V-15b Mesorhizobium sp. V-15b-Viseu isolated from 
chickpea root nodules (Portugal) 
(Alexandre et al. 2009) 
ST-2 Mesorhizobium sp. ST-2-Setubal 
isolated from chickpea root nodules (Portugal) 
(Alexandre et al. 2009) 
PMI-6 Mesorhizobium sp. PMI-6-Portimão isolated 
from chickpea root nodules (Portugal) 
(Alexandre et al. 2009) 
UPM-Ca36T Mesorhizobium  mediterraneum UPM-Ca36T 
isolated from chickpea root nodules from Spain 
(Nour et al. 1995) 
V15bpRKnodD V-15b strain harboring pRKnodD (Eliziário 2015) 
ST2 pRKnodD ST-2 strain harboring pRKnodD (Eliziário 2015) 
PMI6pRKnodD PMI-6 strain harboring pRKnodD (Eliziário 2015) 
PMI6pRKnodDGFP PMI-6 strain harboring pRKnodD and 
pMRGFP 
This work 
ST2pRKnodDGFP ST-2 strain harboring pRKnodD and pMRGFP This work 
V15bpRK415 V-15b strain harboring pRK415 This work 
ST2pRK415 ST-2 strain harboring pRK415 This work 
PMI6pRK415 PMI-6 strain harboring pRK415 This work 
PMI6pRK415GFP PMI-6 strain harboring pRK415 and pMRGFP This work 
PMI6pRK415RFP PMI-6 strain harboring pRK415 and pMP4661 This work 
ST2pRK415GFP ST-2 strain harboring pRK415 and pMRGFP This work 
ST2pRK415RFP ST-2 strain harboring pRK415 and pMP4661 This work 
 
Transforming the strains with the nodD gene 
 
As mentioned in Table 1, strains V15bpRKnodD, ST2pRKnodD and 
PMI6pRKnodD strains were constructed in a previous work (Eliziário, 2015), according 
to the following procedures. The nodD gene sequence used in this study was amplified 
from Mesorhizobium mediterraneum UPM-Ca36T strain. The PCR reaction was prepared 
in 50 μl, with 1 μl of template DNA, 1 U of Taq polymerase (Fermentas), 1X buffer, 5 mM 
MgCl2, 0.2 mM dNTP's and 30 pmol of each primer: nodD-CMG6-F-PstI (5’ - 
CTGCAGTAT GCGTTTCAAAGGACTTG - 3’) and nod-CMG6-R (5’ - 
GCATGCTCACAGCGG GGCAGCCAT CC - 3’). The amplification program used was as 
follows: 2 minutes at 95°C in the initial denaturation stage, followed by 30 cycles of 20 
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sec denaturation at 95°C, 10 sec hybridization at 58°C and 1 min extension at 70 ° C, 
ending with a 5 min final extension at 70 ° C. 
V15bpRKnodD, ST2pRKnodD and PMI6pRKnodD strains (Eliziário 2015) were 
generated by triparental mating with their respective wild type, E. coli DH5α cells 
containing the pRKnodD plasmid and E. coli MT616 cells with pRK600 acting as helper, 
as described by Nascimento et al. (2012a). The exogenous nodD gene is under the 
control of the lac promoter. The wild type mesorhizobia strains were also transformed 
with pRK415.  
Previous work shows that the expression vector pRK415 allows the expression 
of the cloned gene under both free-living and symbiosis conditions (chapter 2). 
In order to evaluate the infection process, transformed strains harboring 
pRKnodD plasmid were transformed with pMRGFP (containing the gfp gene) and strains 
harboring pRK415 were transformed with pMRGFP or pMP4661 (containing the rfp 
gene) by triparental mating, as described above. These transformations were confirmed 
by observing the cells on a fluorescence microscope. 
 
Evaluation of the symbiotic performance 
 
The three mesorhizobia wild types as well as the corresponding transformed 
strains were inoculated on chickpea plants in order to evaluate whether additional nodD 
copies improved the symbiotic effectiveness of these mesorhizobia strains. Chickpea 
seeds were first surface-sterilized and germinated in plates containing water agar 
medium (Alexandre et al. 2009). Once transferred to plastic pots filled with sterile 
vermiculite, 1 ml of bacterial suspension in TY liquid medium (OD540 of 1.0) was 
inoculated in each seedling.  
Plants were watered with a nitrogen-free nutrient solution (Broughton and 
Dilworth 1971) three times a week. Uninoculated plants and plants watered with N-
supplemented nutrient solution were used as negative and positive control, respectively. 
Five replicates were performed per treatment. The conditions in the plant growth 
chamber were set to 16 h-light and 8 h-dark cycle and 24°C-day and 18°C-night 
temperature at a relative humidity of 65%. Plants were harvested after 7 weeks and 
several parameters were measured, such as shoot dry weight (SDW), root dry weight 
(RDW), number of nodules (NN) and average weight per nodule (AWN). Symbiotic 
effectiveness (SE) was obtained using the shoot dry weight values, including those from 
the positive and negative controls (Gibson 1987). Statistical analysis was performed 
using SPSS statistics V.21 (SPSS Inc; IBM New York, USA) and included analysis of 
variance, namely one-way ANOVA, and the Tukey's Multiple Range Test (P < 0,05). 
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Only PMI-6 and ST-2 transformed strains were selected to be used for the 
following analyses based on the results obtained in the symbiotic performance 
evaluation. 
 
Bacterial growth 
 
To evaluate the growth of ST-2, PMI-6 and their respective transformed strains, 
bacterial cultures were grown in TY medium at 28° C with orbital shaking. In the case of 
the transformed strains, 15 μg.ml-1 of tetracycline was added to the medium. The initial 
OD540nm was 0,1 for each strain. Triplicates were used for each strain and the growth was 
monitored by measuring the optical density at 540 nm every 24 hours.  
 
Evaluation of nodulation kinetics 
 
In order to evaluate the nodulation kinetics, a hydroponic assay, as described by 
Brígido et al.  (2012b), was performed using chickpea plants inoculated with suspensions 
of PMI6pRK415, PMI6pRKnodD, ST2pRK415 and ST2pRKnodD strains (OD 540 nm of 
0.6). Eight seeds per treatment were used and the number of nodules was evaluated 
every three days during 33 days. The same controlled conditions describe above for the 
evaluation of symbiotic performance were used in this experiment. 
 
Histological analysis of nodules  
 
After 35 days of inoculation in hydroponic assay, nodules were excised and 
processed for light microscopy. Nodules were fixed in 4% formaldehyde, dehydrated in 
an increasing ethanol series and finally embedded in paraffin (Brígido et al. 2012b). 
Toluidine blue-stained sections (6 μm) of embedded nodules were observed by bright-
field microscopy. 
 
Analysis of rhizobia infection process  
 
GFP-tagged (single infection) or RFP+GFP-tagged (co-infection) mesorhizobia 
strains were inoculated in pre-germinated chickpea seeds, as described by Robledo et 
al. (2011) in order to evaluate if extra nodD copies increased the ability of those strains 
to colonize and infect root hairs. The analysis of root hairs after 4 or 6 days of inoculation 
were performed using a Confocal Laser Scanning Microscope (Leica TCS SPE) 
equipped with solid-state laser, allowing visualization of GFP (488 nm), RFP and 
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propidium iodide (532 nm) fluorescence. Propidium iodide at 10 μM (Sigma-Aldrich) was 
used to stain chickpea roots and root hairs. Projections were made from adjusted 
individual channels and accumulating stacks using Leica software. 
 
3.4. Results  
 Most Mesorhizobium species seem to encode only one copy of nodD and 
phylogenetic analysis of this gene showed that Mesorhizobium species group according 
to the host plant and not to their species affiliation (Eliziário 2015). In addition, only one 
copy of nodD was found in the genome of UPM-Ca36T, the strain used to amplify the 
cloned gene (data not shown), however this genome is still in the draft stage. Although 
the nodD sequence similarity is very high among chickpea mesorhizobia, the three 
isolates used in this study have different nodD sequences and also different from the 
one clone in the expression vector, which was obtained from M. mediterraneum UPM-
Ca36T (Eliziário 2015). 
 
Symbiotic effectiveness assays 
 
 Several mesorhizobia strains were transformed with extra nodD copies, in order 
to analyze their effect in the symbiotic effectiveness (SE) and nodulation process in 
chickpea plants. Although plants inoculated with V15bpRKnodD strain showed a number 
of nodules higher than those inoculated with the strain harboring the empty vector, there 
were no significant differences in other parameters, such as the SDW, RDW, AWN and 
SE (Table 2). On the other hand, plants inoculated with PMI-6 strain harboring extra 
nodD copies did not show any significant difference in the NN, AWN and RDW when 
compared with plants inoculated wild type and PMI6pRK415, however the SDW and SE 
were significantly higher (Table 2).  
Chickpea plants were also inoculated with ST-2 strain harboring pRKnodD 
plasmid and the results show that extra nodD copies in this strain seem to contribute to 
the improvement of AWN, SDW and, consequently the SE when compared with ST-2 
wild type. As observed in plants inoculated with PMI6pRKnodD, those inoculated with 
ST2pRKnodD also did not show any improvement in the NN and RDW. None of the 
transformed strains improved the root dry weight of inoculated plants (Table 2). Based 
on the results obtained in the symbiotic performance evaluation, mesorhizobia strains 
PMI-6 and ST-2 and their derivates were selected to be used for further analyses, even 
ST2pRKnodD did not showing a significant improvement in the SE compared with 
ST2pRK415. 
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Table 2 Results obtained from pots assays of chickpea plants inoculated with wild type 
or transformed strains. 
Strain SDW (g) RDW (g) NN AWN (mg) SE (%) 
V-15b 1.267 + 0.183 a 0.641 + 0.213 a 92 + 15.7 ab 1.971 + 0.241 a 40.95 + 8.63 a 
V15bpRK415 1.406 + 0.232 a 0.472 + 0.115 a 71 + 16.3 b 1.650 + 0.224 a 47.44 + 10.94 a 
V15bpRKnodD 1.529 + 0.069 a 0.604 + 0.084 a 138 + 46.9 a 2.042 + 1.717 a 53.25 + 3.27 a 
ST-2 1.104 + 0.330 b 0.524 + 0.138 a 61 + 18.2 a 1.749 + 0.314 b 33.28 + 15.15 b 
ST2pRK415 1.227 + 0.225 ab 0.539 + 0,077 a 51 + 21.5 a 2.114 + 0.737 ab 39.06 + 10.59 ab 
ST2pRKnodD 1.556 + 0.311 a 0.633 + 0.089 a 62 + 15.5 a 2.544 + 0.579 a 54.51 + 14.61 a 
PMI-6 1.139 + 0.138 ab 0.467 + 0.116 a 38 + 14.3 a 4.534 + 2.023 a 31.37 + 9.08 ab 
PMI6pRK415 1.008 + 0.227 b 0.317 + 0.104 a 28 + 12.6 a 4.737 + 3.111 a 22.83 + 14.86 b 
PMI6pRKnodD 1.337 + 0.060 a 0.461 + 0.157 a 39 + 20.7 a 4.235 + 1.288 a 44.29 + 3.98 a 
Different letters in the same group of strains indicate statistically significant differences (P<0,05). SDW - 
Shoot Dry Weight; RDW - Root Dry Weight; NN - Number of Nodules; AWN - Average Weight per Nodule; 
SE - Symbiotic Effectiveness 
         
 
Growth curves 
Rhizobial growth rate may be related with their ability to colonize and infect root 
hairs. The strains that showed an improvement in the symbiotic effectiveness at pot 
assay were used to evaluate the growth kinetics. PMI-6 wild type strain showed faster 
growth at exponential phase than the modified strains, most likely due the energetic cost 
of carrying the introduced expression vector (Fig 1A). The ST-2 wild type strain also grew 
faster during exponential phase, however at the stationary phase the strain harboring 
pRK415 plasmid reached very similarly OD values to those of the wild type. Both strains 
showed OD values close to 3.5 at stationary phase, whereas ST2pRKnodD grew at a 
slower rate and reached the stationary phases with an OD of approximately 2 (Fig 1B). 
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Figure 1. Growth curves of A - PMI-6, PMI6pRK415 and PMI6pRKnodD. B - ST-2, 
ST2pRK415 and ST2pRKnodD during about 170 hours of growth in TY medium. Bars 
represent standard deviation. 
 
Nodulation Kinetics 
 A hydroponic assay was conducted in order to evaluate the nodulation kinetics of 
plants inoculated with PMI6pRKnodD and ST2pRKnodD, compared to plants inoculated 
with the corresponding strains harboring the empty vector pRK415. At 11 days after 
inoculation the first nodules were observed in plants inoculated with PMI6pRKnodD, 
whereas plants inoculated with PMI6pRK415 showed a delay of three days, showing the 
first nodules only at 14 days after inoculation (Fig 2A). Plants inoculated with 
PMI6pRKnodD continuously showed a significantly higher number of nodules until the 
end of the experiment with about 4-fold more nodules than plants inoculated with 
PMI6pRK415 (Fig 2A). All the nodules had a reddish interior, which indicates 
accumulation of active leghemoglobin (Fig 3E2 and F2). Although the hydroponic 
conditions are clearly not favorable to the shoot development of chickpea plants, the 
shoot of plants inoculated with PMI6pRKnodD seemed to be more developed (Fig 3 A 
and B). 
 ST2pRKnodD strain also improved the NN of chickpea plants, compared to 
ST2pRK415. Even though the difference between NN of plants inoculated with both ST-
2 modified strains is smaller than the one observed for PMI-6 modified strains, 
ST2pRKnodD also induced a significant higher number of nodules throughout the assay 
(Fig 2B). The largest difference was detected at 21 days after inoculation, when the NN 
of plants inoculated with ST2pRKnodD were about 3-fold that of plants inoculated with 
ST2pRK415. The development of the shoots and root nodules showed in fig 4A to D 
indicates that extra nodD copies contributed to the improvement of these parameters. 
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Figure 2. Nodulation kinetics of chickpea plants inoculated with PMI-6 and ST-2 modified 
strains. Average Number of nodules for plants inoculated with A-PMI6pRK415 and 
PMI6pRKnodD. B - ST2pRK415 and ST2pRKnodD. Bars represent standard error.  
 
Histological analysis of nodules 
  
 In order to perform a histological analysis of nodules from plants inoculated with 
PMI-6 and ST-2 transformed strains, nodule sections were stained and observed under 
bright-field microscopy.  
 The large senescent zone observed in nodules from plants inoculated with 
PMI6pRK415 was absent in those from plants inoculated with PMI6pRKnodD (fig 3G 
and H). The other zones showed the typical organization of indeterminate nodules, 
although the fixation zone from nodules inoculated with PMI6pRK415 seems to show a 
higher number of non-invaded plant cells (Fig 3I-L). 
 There was no difference at the histological level between nodules from plants 
inoculated with ST2pRK415 and ST2pRKnodD (Fig 4E-J). 
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Figure 3. Chickpea Plants grown in hydroponic conditions and the corresponding 
nodules.  Plants at 35 days after inoculation inoculated with A – PMI6pRK415 and B - 
PMI6pRKnodD. Roots showing nodules formed at 35 days after inoculation of C – 
PMI6pRK415 and D - PMI6pRKnodD. E1 - Nodules from plants inoculated with 
PMI6pRK415; E2 - Nodule section from plants inoculated with PMI6pRK415; F1 - 
Nodules from plants inoculated with PMI6pRKnodD; F2 - Nodule section from plants 
inoculated with PMI6pRKnodD; G, I and K - Nodules sectioned and stained with toluidine 
blue from plants inoculated with PMI6pRK415; H, J and L - Nodules sectioned and 
stained with toluidine blue form plants inoculated with PMI6pRKnodD; G - Asterisks 
indicate senescent zones; I and J -  Square indicates meristematic zones. Scale bars: 5 
cm (C and D); 1 cm (E1 and F1); 1 mm (G and H); 400μm (I and J); 200 μm (K and L). 
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Figure 4. Chickpea Plants grown in hydroponic conditions and the corresponding 
nodules.  Plants at 35 days after inoculation inoculated with A – ST2pRK415 and B - 
ST2pRKnodD. Roots showing nodules formed at 35 days after inoculation of C –
ST2pRK415 and D ST2pRKnodD. E, G and I - Nodules sectioned and stained with 
toluidine blue from plants inoculated with ST2pRK415; F, H and J - Nodules sectioned 
and stained with toluidine blue form plants inoculated with ST2pRKnodD; I and J -  
Square indicates meristematic zones. Scale bars: 5 cm (C and D); 1 mm (E and F); 
400μm (G and H); 200 μm (I and J). 
 
Colonization and infection thread   
 
 The high number of nodules observed in hydroponic assay may be related with 
a more efficient colonization and infection processes; therefore, these first stages of 
symbiosis were observed by confocal microscopy in plants inoculated with the 
transformed strains harboring a fluorescent protein. 
 Both ST2pRKnodDGFP and PMI6pRKnodDGFP strains are more efficient in 
colonizing the surface of the roots than those harboring the empty pRK415 plasmid (Fig 
5A, B, D and E). In addition, the number of infection threads was higher in plants 
inoculated with ST2pRKnodDGFP than in plants inoculated with ST2pRK415GFP (Fig 
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5A and B). The root hairs from plants inoculated with PMI6pRKnodDGFP displayed more 
curling than those inoculated with the empty vector strain (Fig 5D and E). 
 The strains with extra nodD copies and tagged with GFP protein were co-
inoculated with the strains harboring the empty vector tagged with RFP (red fluorescent 
protein) and then observed in confocal microscopy. These co-inoculation experiments 
confirmed the previous observations made by single inoculation, i. e., both 
ST2pRKnodDGFP and PMI6pRKnodDGFP showed a higher colonization of the root 
surface and induced the formation of a higher number of infection threads than 
ST2pRK415RFP and PMI6pRK415RFP, respectively (Fig 5C and F).  
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Figure 5. Confocal laser scanning micrographs of chickpea roots inoculated with green 
and red fluorescent protein–tagged rhizobia. A – ST2pRK415, B – ST2pRKnodD, D - 
PMI6pRK415 and E - PMI6pRKnodD strains tagged with green fluorescent protein, 
showing the initial infection process in chickpea roots (stained with propidium iodide), at 
5 (ST-2 transformed strains) and 4 (PMI-6 transformed strains) days after inoculation; C 
– ST2pRK415RFP (red) and ST2pRKnodDGFP (green) strains co-inoculated in 
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chickpea roots at 6 days after inoculation; F - PMI6pRK415RFP (red) and 
PMI6pRKnodDGFP (green) co-inoculated in chickpea roots at 3 days after inoculation. 
Root hair curling (white arrows); infection threads on root hairs (gray arrows); cap on root 
hair tip (blue arrow), rhizobial attachment on roots (square) and empty vector strains as 
well as those harboring extra nodD copies sharing the same intercellular space (asterisk) 
are shown. Scale bars: 50 μm (A); 75 μm (B, C and D); 100 μm (E); 25 μm (F). 
 
3.5. Discussion 
NodD is a regulator of other rhizobial nodulation genes (e.g. nodABC) (Oldroyd 
2013). When this protein interacts with flavonoids released by legume plants, it forms a 
protein-phenolic complex that triggers the Nod factors (Cooper 2004). Among the several 
functions in the symbiosis process, the Nod factors act mainly at root hair curling, 
infection thread formation, induction of cell division and gene expression in the root 
cortex and pericycle, nodule development and the number of nodules (Garg and 
Geetanjali 2007; Laranjo et al. 2014; Oldroyd 2013; van Brussel et al. 2002).  
To evaluate whether extra nodD copies improve the symbiotic parameters in 
mesorhizobia strains, a chickpea pot assay with sterile vermiculite as substrate was 
performed under controlled conditions. Although the number of nodules from plants 
inoculated with V-15b harboring the pRKnodD plasmid was approximately two-fold more 
than those inoculated with V15bpRK415, it did not improve the symbiotic effectiveness, 
probably due the high demand of energy required to form the large number of nodules. 
Terpolilli et al. (2008) reported the inoculation of Sinorhizobium meliloti 1021 in Medicago 
truncatula formed several nodules, however they were small, pale, more widely 
distributed on the root system and with fewer infected cells. Regarding the number of 
nodules and its relationship with NodD, some studies have been shown distinct effects 
when different copies of nodD gene are deleted or overexpressed. For example, a 
mutation in nodD1 of Sinorhizobium fredii USDA191 blocked nodulation in soybean 
cultivars Peking and McCall, whereas the nodD2 mutant delayed nodulation on Peking 
and reduced the number of nodules on McCall. The overexpression of the two copies 
caused the same effects observed when the nodD2 was deleted (Machado and Krishnan 
2003). Bacteria harboring only one copy of NodD often are Nod- when nodD is deleted 
(Broughton et al. 2000). It has been shown that Nod factors, regulated by NodD, control 
the number of nodules formed on a root system by inducing an autoregulation response 
in the host plant (van Brussel et al. 2002).  Contrary to what was observed in plants 
inoculated with V-15b, the ST-2 and PMI-6 strains harboring extra nodD copies did not 
show any increase in the number of nodules on inoculated chickpea plants, however the 
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shoot dry weight as well as the symbiotic effectiveness was statistically higher than those 
harboring the empty pRK415.  
PMI-6 and ST-2 strains transformed with extra nodD copies were characterized 
in terms of their growth kinetics. Both PMI6pRKnodD and ST2pRKnodD strains showed 
a slower growth in the exponential phase compared to the wild type strain. This was 
expected because the size and copy number of the plasmid could slow down the 
replication process.  Nevertheless, PMI6pRKnodD showed a very similar growth to that 
of the strain harboring the empty vector (PMI6pRK415), while ST2pRKnodD showed a 
much slower growth rate in the exponential phase than the strain harboring the empty 
vector (ST2pRK415) and reached stationary phase at a much lower OD.  
To evaluate the kinetics of nodules formation, a hydroponic assay was performed. 
Both PMI-6 and ST-2 transformed strains with extra nodD copies showed a remarkable 
increase in the number of nodules. In addition, the PMI6pRKnodD strain developed the 
first nodules earlier. This apparent discrepancy between the results of two different plant 
assays is most likely due the shorter duration of the hydroponic assay (5 weeks), 
compared with the pot assay (8 weeks). These results suggest that there might be a 
transient higher number of nodules in plants inoculated with PMI6pRKnodD and 
ST2pRKnodD, which may benefit the plant in terms of N-fixation, yet in a later stage of 
the symbiosis that difference is not detected any longer. Specific Nod factors application 
induces the nodule primordial formation and in most rhizobia Nod factors are required to 
induce nodules in host plants (Broughton et al. 2000; D'Haeze and Holsters 2002; 
Oldroyd 2013; Perret et al. 2000; Spaink 2000; Spaink et al. 1991), therefore the extra 
nodD copies expressed constitutively may increase the Nod factor production that, in 
turn may account for the higher number of nodules observed.  
Unlike previously described situations where a high number of nodules was 
actually seen to be harmful to the host plant (Terpolilli et al. 2008), in this case the 
presence of more nodules seems to contribute to development of the plants, as shown 
in fig. 3B and 4B, since the higher number of active nodules probably contributed to the 
shoot dry weight improvement observed in pots assay. To further analyses the structures 
of these nodules, nodules sections were stained and analyzed by microscopy. Nodules 
from plants inoculated with ST2pRKnodD showed no difference when compared with 
those from plants inoculated with ST2pRK415. On the other hand, extra nodD copies in 
PMI-6 seems to have contributed to maintain the infection zone without the premature 
senescence zone observed in nodules from plants inoculated with PMI6pRK415. Nod 
factors are responsible for the induction the early nodulin genes (Limpens and Bisseling 
2009; Vijn et al. 1995). Nodulins are proteins specific to nodule development and 
nitrogen fixation and the best known among these proteins is leghemoglobin, which is 
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found in all legumes and regulates oxygen tension in nodules (Manen et al. 1991; 
Wittenberg 1974). In plants inoculated with PMI6pRKnodD the nodules were pink with a 
reddish interior, a typical coloration of active leghemoglobin. This finding suggests that 
extra nodD copies may affect the regulation of nodulin genes and consequently improve 
the concentration of leghemoglobins.  
 Among the several roles of Nod factors in the symbiosis process, deformation of 
root hair and pre-infection threads are probably the most important (Lerouge et al. 1990; 
Oldroyd 2013; van Brussel et al. 1992). Mutants defective in Nod factor production can 
no longer associate with the host legume (Dénarié et al. 1996; Oldroyd and Downie 2004; 
Oldroyd 2013). In order to investigate whether the improvement of the symbiotic 
effectiveness of plants inoculated with ST2pRKnodD and PMI6pRKnodD could be 
related with colonization and infection threads formation, these strains and their 
respective controls (ST2pRK415 and PMI6pRK415) were tagged with the gfp or rfp 
protein and analyzed by confocal microscopy. Extra nodD copies may indeed have 
contributed to enhance the colonization and infection of the transformed bacteria, since 
the number of infection threads and bacteria on the root surface was higher in root plants 
inoculated with these strains. Moreover, the number of curling on root hairs observed in 
plants inoculated with PMI6pRKnodD were higher than those observed in PMI6pRK415. 
Co-infection assays were performed with the strains harboring extra nodD copies 
transformed with gfp with those harboring pRK415 transformed with rfp and the results 
were similar, with a higher density of PMI6pRKnodDGFP and ST2pRKnodDGFP than 
PMI6pRK415RFP and ST2pRK415GFP.  
 Despite the importance of mesorhizobia and their contribution to the amount of 
fixed nitrogen in legumes, little is still known about regulation of nodulation and fixation 
genes in this genus. Therefore, this study aimed to investigate the first levels of the 
regulation of nodules formation in three mesorhizobia strains overexpressing the nodD 
gene. The study demonstrated that indeed the NodD regulator plays an important role in 
the strains tested increasing the shoot dry weight and improving the symbiotic 
effectiveness, as well as contributing to nodules formation. 
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The chaperone GroEL can improve the 
symbiotic effectiveness of mesorhizobia strains 
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4.1. Summary  
Successful colonization of the host root by free-living rhizobia requires that these bacteria 
are able to deal with adverse conditions in the soil. In addition, rhizobia have to be able 
to endure stresses that may occur during their endosymbiotic life inside the root nodules. 
Stress response genes, such as otsAB, groEL, clpB, rpoH play an important role in 
tolerance of free-living rhizobia to different environmental conditions and some of these 
genes have been shown to be involved in the symbiosis. The aim of this study was to 
evaluate whether extra groEL copies could improve the symbiotic effectiveness as well 
as other parameter related with the chickpea-mesorhizobia symbiosis. Chickpea plants 
inoculated with ST2pRKgroEL showed a symbiotic effectiveness approximately 1.5 fold 
higher than plants inoculated with the wild-type. On the other hand, Ca36pRKgroEL, 
V15bpRKgroEL and PMI6pRKgroEL did not show improvement of the symbiotic 
effectiveness. Nodulation kinetics was also evaluated and showed that after 35 days 
plants inoculated with ST2pRKgroEL had 78 % more nodules than those inoculated with 
ST2pRK415. Section of nodules analyzed by microscopy revealed no histological 
difference between nodules from plants inoculated with ST2pRKgroEL and ST2pRK415. 
Colonization and infection tests were performed and showed that ST2pRKgroEL and 
ST2pRK415 seem to colonize and infect the root hairs similarly.  The growth of the 
transformed ST-2 strains was evaluated under different stress conditions and after a heat 
shock at 48º C for 15 min, ST2pRKgroEL showed slightly higher growth rate, when 
compared with the strain harboring the empty vector (ST2pRK415). Despite the 
promising increase in the SE obtained by transforming ST-2 with additional copies of 
groEL, three other mesorhizobia strains also overexpressing groEL did not show a 
significant improvement of their symbiotic effectiveness. This indicates that the effects of 
higher levels of GroEL on the symbiosis might be strain specific. 
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4.2. Introduction  
Bacteria are not only able of colonizing extreme environments, but also of living 
inside a wide diversity of hosts. Regardless the particular natural environment where 
each species can be found, bacteria are often subjected to adverse conditions. The main 
factors studied as bacterial stressors are temperature, salt, pH and nutrient starvation. 
Many of the genes involved in stress response are conserved across bacterial species, 
which is remarkable, taking into account the range of different environmental niches 
where bacteria can live. 
The symbiotic process between rhizobia and the host legume is mainly divided into 
two major events: bacterial infection and nodule organogenesis (Oldroyd and Downie 
2008). For a successful symbiotic association, it is essential that these two phenomena 
are coordinated in both spatial and temporal manner, to ensure nodule formation at the 
site of bacterial infection (for review see (Oldroyd and Downie 2008)). When compatible 
molecular signals are recognized by the host legumes, a series of events, such as growth 
of polarized root hair tip and invagination associated with bacterial infection, are initiated 
in the host plant leading to the development of specialized structures, called nodules 
(Fournier et al. 2008; Gage 2004).  
Since early events in the symbiosis process such as molecular signalling and 
rhizobial attachment, are particularly sensitive to high temperatures, salinity, acidity and 
other environmental stresses (Hungria and Stacey 1997; Hungria and Vargas 2000; 
Zhang and Smith 1996), rhizobia have to be able to physiologically adapt to 
environmental conditions, in order to ensure a successful symbiosis with its legume 
partner. These stresses that negatively affect the microsymbiont in free-living conditions 
as well as during the symbiotic relationship can lead to a delay in infection and nodule 
formation, development of non-fixing nodules or even to failure of the nodulation process 
(Zahran 1999). Therefore, rhizobia must be able to overcome stress conditions both 
outside and within the nodule, to achieve a complete and effective nitrogen-fixing 
symbiosis. Therefore, the role of stress response genes must be an important or even 
fundamental part of the symbiotic process. In fact, it was suggested that among the 
genes required for bacteroid formation, some are specific for symbiosis and others are 
involved in physiological adaptation to the environmental conditions within and outside 
the nodule (Oke and Long 1999).  
Transcriptomic and proteomic analyses of rhizobia in symbiosis with their host 
legumes also suggest the involvement of stress response genes, mainly heat shock 
proteins such as ClpB and GroESL, in the symbiotic process. For example, overexpression 
of the ClpB and GroEL/ES proteins was detected in nodules formed by Bradyrhizobium 
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japonicum and Sinorhizobium meliloti strains (Djordjevic 2004; Djordjevic et al. 2003a; 
Nomura et al. 2010a; Sarma and Emerich 2005; Sarma and Emerich 2006). These 
findings are reinforced through transcriptomic analyses where up-regulation of these 
genes was observed in root nodules (Karunakaran et al. 2009; Pessi et al. 2007b; 
Uchiumi et al. 2004). 
The most studied molecular chaperone in terms of its involvement in the symbiosis 
is GroEL. Particular copies of this chaperone gene, usually upregulated in the bacteroids, 
seem to play a fundamental role in the formation of functional NodD and nitrogenase 
complex (Fischer et al. 1999; Ogawa and Long 1995). For example, among the five 
groESL operons in the S. meliloti genome only one operon (groEL1) was found to be 
involved in symbiosis (Ogawa and Long 1995). Fischer et al. (1993) found a co-
regulation between groESL3 and nitrogen fixation genes in B. japonicum, yet none of the 
B. japonicum mutants that individually lack one groEL gene were depleted in their 
symbiotic phenotype (Bittner et al. 2007; Fischer et al. 1999). However, double mutation 
on groEL3 and groEL4 genes in B. japonicum affects the symbiotic performance, since 
these copies are required for the formation of a functional nitrogenase (Fischer et al. 
1999). These two copies are the most abundant in the GroEL pool in bacteroids (Fischer 
et al. 1993). Studies on the symbiotic performance of strains mutated in the dnaJ gene, 
encoding the co-chaperone DnaJ, also revealed distinct results using different rhizobia 
species. For example, a B. japonicum dnaJ mutant strain was able to establish fully 
effective symbiosis with soybeans (Minder et al. 1997). More recently, the involvement 
of the ClpB chaperone in the symbiotic process was evaluated. Although a 
Mesorhizobium clpB mutant strain was able to establish symbiosis with chickpea plants, 
the ClpB absence caused a delay in nodule formation and development (Brígido et al. 
2012b), indicating its involvement in the symbiotic process. 
Several genes involved in stress response have been overexpressed in rhizobia as 
an attempt to improve their symbiotic performance, particularly under stress conditions 
such as salt, oxidative, drought, heat or biotic stress. Overexpression of genes related 
to protection of bacteria from salt stress has contributed to the improvement of rhizobia 
strains under stressful conditions. A S. meliloti strain overexpressing the betS gene, 
involved in the rapid acquisition of betaines by cells subjected to osmotic shock, showed 
a better maintenance of nitrogen fixation activity in salinised alfalfa plants than the wild-
type strain (Boscari et al. 2006). The otsA gene encodes the enzyme trehalose-6-
phosphate synthase involved in the biosynthesis of trehalose (Elbein et al. 2003). 
Moussaid et al. (2015) overexpressed otsA from S. meliloti in Mesorhizobium ciceri and 
found an increase of the otsA-overexpressing strain growth in saline media. Chickpea 
plants inoculated with M. ciceri carrying extra otsA copies formed more nodules and 
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accumulated more shoot biomass than the wild-type inoculated plants, when grown in 
the presence of NaCl. Also, P. vulgaris inoculated with R. etli overexpressing otsA 
showed more nodules with increased nitrogenase activity and higher biomass compared 
with plants inoculated with the wild-type strain. Only plants inoculated with the otsA-
overexpressing strain fully recovered from drought stress (Suarez et al. 2008).  
The first successful improvement of a rhizobium with a chaperone gene was 
achieved using the chickpea nodulating strain M. mediterraneum UPM-Ca36T modified 
with extra-copies of the clpB gene (Paço et al. 2016). The nodulation kinetics analysis 
showed a higher rate of nodule development as well as a higher number of nodules in 
plants inoculated with the clpB-transformed strain. More interestingly the symbiotic 
effectiveness of the clpB-overproducing strain increased ~60% at pH 5 and ~83% at pH 
7, compared to the wild-type strain. This improved symbiotic phenotype may be related 
to an increased expression of symbiosis genes, as detected for the nodulation genes 
nodA and nodC (Paço et al. 2016).  
In this study the potential of the chaperone gene groEL in the improvement of 
chickpea Mesorhizobium symbiotic performance was investigated as well as its effect on 
the tolerance to several stresses.  
 
4.3. Material and Methods 
 
Bacterial strains and Growth Conditions 
 
Bacterial strains and plasmids are listed in Table 1. Three chickpea mesorhizobia 
isolates from Portuguese soils were selected (Alexandre et al. 2009; Brígido et al. 2012a; 
Laranjo et al. 2008), in addition to the type strain Mesorhizobium mediterraneum UPM-
Ca36T (Nour et al. 1995) 
The mesorhizobia strains were routinely grown at 28ºC in tryptone-yeast (TY) 
medium (Beringer 1974a). The growth medium for pRK415-transformed mesorhizobia 
strains was supplemented with tetracycline (15 μg.ml-1). For bacteria transformed with 
gfp and rfp genes, kanamycin (50 μg.ml-1) and gentamycin (15 μg.ml-1) were added to 
TY medium, respectively. Escherichia coli DH5α and MT616 strains were grown in Luria-
Bertani (LB) medium (Sambrook and Russell 2001) at 37ºC. For E. coli strains containing 
pRK415, 15 μg.ml-1 of tetracycline was used, while for MT616 with pRK600, the medium 
was supplemented with 25 μg.ml-1 of chloramphenicol. 
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Table 1 Bacterial strains and plasmids used in this work. 
Plasmids/Strains Characteristics Reference 
pRK600 pRK2013 npt::Tn9. Cmr (Finan et al. 1986) 
pRK415 Broad host-range vector; Tcr (Keen et al. 1988) 
pRKgroEL Plasmid pRK415 containing the groEL gene 
from M. mediterraneum UPM-Ca36T; Tcr 
This work 
pMRGFP Plasmid containing the gfp gene; Kmr (García-Fraile et al. 
2012) 
pMP4661 Plasmid containing the rfp gene; Gmr (Bloemberg et al. 
2000) 
E. coli   
MT616 Strain harboring the helper plasmid pRK600 (Finan et al. 1986) 
DH5α Competent cells NZYTech 
Mesorhizobium   
V-15b Mesorhizobium sp. V-15b-Viseu isolated from 
chickpea root nodules 
(Alexandre et al. 2009) 
ST-2 Mesorhizobium sp. ST-2-Setubal 
isolated from chickpea root nodules 
(Alexandre et al. 2009) 
PMI-6 Mesorhizobium sp. PMI-6-Portimão isolated 
from chickpea root nodules 
(Alexandre et al. 2009) 
UPM-Ca36T Mesorhizobium  mediterraneum UPM-Ca36T 
isolated from chickpea root nodules 
(Nour et al. 1995) 
V15bpRKgroEL V-15b strain harboring pRKgroEL This work 
ST2pRKgroEL ST-2 strain harboring pRKgroEL This work 
PMI6pRKgroEL PMI-6 strain harboring pRKgroEL This work 
Ca36pRKgroEL UPM-Ca36T strain harboring pRKgroEL This work 
ST2pRKgroELGFP ST-2 strain harboring pRKgroEL and pMRGFP This work 
ST2pRK415GFP ST-2 strain harboring pRK415 and pMRGFP This work 
V15bpRK415 V-15b strain harboring pRK415 This work 
ST2pRK415 ST-2 strain harboring pRK415 This work 
PMI6pRK415 PMI-6 strain harboring pRK415 This work 
Ca36pRK415 UPM-Ca36T strain harboring pRK415 This work 
ST2pRK415RFP ST-2 strain harboring pRK415 and pMP4661 This work 
 
 
Transforming the strains with groEL gene 
 
A PCR amplification was performed in order to obtain the full sequence of a 
particular copy of the groEL gene from Mesorhizobium mediterraneum UPM-Ca36T, a 
type strain that nodulates chickpea (Nour et al. 1995). The amplified groEL copy is the 
one that shares the highest similarity with the copy overexpressed in M. japonicum 
MAFF303099 bacteroids (Uchiumi et al. 2004). Performed in 50 μl, the PCR was made 
using 0.5 μL of DNA, 1× Buffer for Phusion GC Buffer, 0.2 mM of each dNTP, 15 pmol 
of each primer and 0.4 U of Phusion DNA Polymerase (Thermo Fisher Scientific). The 
primers used were groEL-F (5’- GAATTCAATGGCTGCCAAAGACGTAAA -3’) and 
groEL-R (5’- GAATTCTTAGAAATCCATACCGCCCA -3’). The amplification program 
was: 30 s at 98°C, 30 cycles of 10 s at 98ºC, 20 s at 53°C, 33 s at 72 ºC and a final 
extension of 5 min at 72 ºC. The obtained groEL fragment of 1659 bp was cloned in pCR-
 87 
 
BluntTM vector (ThermoFisher Scientific), sequenced and subcloned in the expression 
vector pRK415, previously digested with EcoRI.  
The exogenous groEL gene is under the control of the lac promoter. The chickpea 
mesorhizobia strains were modified by triparental mating with the pRKgroEL plasmid. E. 
coli DH5α cells containing the plasmid pRKgroEL were used as the donor, mesorhizobia 
isolates were the recipient and E. coli MT616 cells, with pRK600 acted as helper, as 
described by Nascimento et al. (2012a). The pRKgroEL-modified strains were named 
V15bpRKgroEL, ST2pRKgroEL, PMI6pRKgroEL and Ca36pRKgroEL. The empty 
plasmid pRK415 also was used to transform the same mesorhizobia strains.  
In order to confirm the transformation of mesorhizobia cells with pRKgroEL and 
pRK415, total DNA was extracted according to (Rivas et al. 2001) and used to amplify 
the region of the expression vector that includes the groEL gene. A DNA fragment of 
1781 bp was expected using the universal primers M13F and M13R-pUC to the fragment 
with the insert and and 122 pb to the region without it. The PCR reaction was performed 
in a final volume of 50 μL, using 5 μL of DNA, 1× reaction Green GoTaq® Flexi buffer, 
0.2 mM of each dNTP, 1.5 mM MgCl2, 15 pmol of each primer and 0.625U of GoTaq® 
G2 Flexi DNA Polymerase (Promega). The amplification program was: 2 min of initial 
denaturation at 95 °C, 30 cycles of 60 s at 95 ºC, 45 s at 56 °C, 85 s at 72 ºC, and a final 
extension of 5 min at 72 ºC. 
 In addition, strain ST2pRKgroEL was transformed with pMRGFP (containing the 
gfp gene) and strain ST2pRK415 was transformed with pMRGFP or pMP4661 
(containing the gfp or rfp gene) by triparental mating, as described above. 
 
Evaluation of the symbiotic performance 
 
 A plant growth trial under controlled conditions was performed using both the wild 
type and the transformed strains to evaluate whether additional groEL copies improved 
the symbiotic effectiveness of chickpea mesorhizobia strains. After surface-sterilization 
and germination (Alexandre et al. 2009), chickpea seeds were transferred to plastic pots 
filled with sterile vermiculite and inoculated.  
Mesorhizobia strains were grown in TY liquid medium at 28°C for 72 h. Cell 
culture was centrifuged at 10000 × g, resuspended in fresh TY liquid medium to an 
OD540nm of 1.0 and 1 ml of this bacterial suspension was used to inoculate each seedling. 
Five replicates were performed per treatment. A nitrogen-free nutrient solution 
(Broughton and Dilworth 1971) was applied three times a week. Uninoculated plants 
were used as negative control and plants watered with N-supplemented nutrient solution 
were used as positive control. Plants were grown in a growth chamber under a 16 h-light 
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and 8 h-dark cycle and 24°C-day and 18°C-night temperature, at a relative humidity of 
65%. After 7 weeks, plants were harvested and several parameters were measured, 
such as shoot dry weight (SDW), root dry weight (RDW), number of nodules (NN) and 
average weight per nodule (AWN). Symbiotic effectiveness (SE) was calculated using 
the shoot dry weight values, including those from the positive and negative controls 
(Gibson 1987). Statistical analysis was performed using SPSS statistics V.21 (SPSS Inc; 
IBM New York, USA) and included analysis of variance, one-way ANOVA and the 
Tukey's Multiple Range Test (P < 0,05). 
Mesorhizobia strain ST-2, ST2pRK415 and ST2pRKgroEL were selected to be 
used for further analyses, based on the results obtained in the symbiotic performance 
evaluation. 
 
Evaluation of nodulation kinetics 
 
Chickpea plants inoculated with cell suspensions of ST2pRK415 and 
ST2pRKgroEL strains at an OD540 nm of 0.6 were used to evaluate the nodulation kinetics 
through a hydroponic assay. The procedures were conducted as described in Brígido et 
al. (2012b). Eight seeds per treatment were used and the number of nodules was 
evaluated every three days during 33 days. 
 
Histological analysis of nodules 
 
Nodules were excised from hydroponic plants 35 days after inoculation and 
processed for light microscopy. Nodules were fixed in 4% formaldehyde, dehydrated in 
an increasing ethanol series and embedded in paraffin. Toluidine blue-stained sections 
(6 μm) of embedded nodules were examined by bright-field microscopy. 
 
 
Analysis of rhizobia infection process  
 
Pre-germinated chickpea seeds were inoculated with the mesorhizobia strains 
ST2pRKgroELGFP (GFP-tagged) or ST2pRK415RFP (RFP -tagged), as described by 
Robledo et al. (2011). Inoculation of both strains simultaneously (1:1 ratio) was done in 
order to analyze competition in co-infection conditions. Analysis of roots and root hairs 
stained with 10 μM propidium iodide (Sigma-Aldrich) or with 50mg/l calcofluor white 
(Sigma- Aldrich) and 10% potassium hydroxide solution (Flores-Félix et al. 2015) 5 or 6 
days after of inoculation was performed using a Confocal Laser Scanning Microscope 
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(Leica TCS SPE) equipped with solid-state laser, allowing visualization of GFP (488 nm), 
RFP and propidium iodide (532 nm) and calcofluor white (405 nm) fluorescence. 
Projections were made from adjusted individual channels and accumulation in the image 
stacks using Leica software.  
 
Bacterial growth curves under controlled and abiotic stress conditions 
 
In order to evaluate free-living growth of wild type ST-2, as well as its derivates 
harboring pRK415 and pRKgroEL, strains were grown under control conditions at 28°C 
in 5 mL of TY medium (supplemented with 15 μg.ml-1 tetracycline in the case of 
transformed strains) during 144 h. The same strains were submitted to the following 
stress conditions: acidity (TY adjusted to pH 5); high temperature (34°C), and a heat 
shock (48°C during 15 min). The optical densities at 540 nm were measured every 24 
hours and triplicates were used for each strain.  
 
4.4. Results  
 
The groEL gene is found in multiple copies in many genomes of 
Alphaproteobacteria (Lund 2009). This is also the case in rhizobia, where different copies 
are known to have distinct regulation mechanisms (Bittner et al. 2007; Bittner and Oke 
2006; Rodriguez-Quinones et al. 2005). Previous studies indicated the involvement of 
particular groEL copies in the symbiosis (Fischer et al. 1993; Ogawa and Long 1995). 
To investigate the potential of the chaperone gene groEL in the improvement of rhizobia 
symbiotic performance, four chickpea mesorhizobia strains were modified by the addition 
of extra groEL copies (Table 2). The M. mediterraneum UPM-Ca36T groEL copy that 
shares the highest similarity with the copy overexpressed in M. japonicum MAFF303099 
bacteroids (Uchiumi et al. 2004), was cloned in the expression vector pRK415, allowing 
constitutive expression of these gene in the transformed strains. 
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Evaluation of the symbiotic performance 
 
 To evaluate the effects of extra groEL copies in the symbiotic performance, a 
plant growth trial using the transformed strains was carried out for seven weeks under 
controlled conditions and the symbiotic effectiveness as well as other parameters were 
evaluated.  
 From the four strains overexpressing groEL, only plants inoculated with 
ST2pRKgroEL showed a significant increase in the shoot dry weight, and consequently 
in the symbiotic effectiveness, compared with those inoculated with the corresponding 
ST2pRK415 and wild type. The SDW and SE of plants inoculated with ST2pRKgroEL 
were 43 % and 64 % higher than those showed in plants inoculated with ST2pRK415, 
respectively (Fig 2).  This improvement of symbiotic effectiveness was not associated to 
significant differences in the number of nodules or in the average weight per nodule. 
 Although there was no significant improvement in the SE of strains V-15b and 
PMI-6 transformed with pRKgroEL, these strains induced the development of a higher 
number of nodules than the corresponding strains harboring the pRK415 plasmid. In the 
case of the homologous overexpression, the plant assay showed no significant 
improvement in the symbiotic performance of Ca36pRKgroEL. Nevertheless, a lower 
average weight per nodule was detected for both Ca36pRKgroEL and Ca36pRK415 
when compared with the wild type strain. This was the only difference detected in the 
symbiotic parameters between plants inoculated with the wild type and those inoculated 
with the strain carrying the expression vector pRK415. The presence of this vector alone 
does not seem to affect the symbiotic performance of the tested strains (chapter 2). 
Considering the results from the evaluation of the symbiotic performance of 
mesorhizobia strains overexpressing groEL, strain ST-2 and its transformed derivatives 
were selected for further studies, since ST2pRKgroEL was the only strain leading to an 
improvement in the shoot dry weight of chickpea plants, and consequently an increase 
of approx. 64% in the symbiotic effectiveness. 
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Table 2. Results obtained from pots assays of chickpea plants inoculated with wild type 
or transformed strains. 
Strain SDW (g) RDW (g) NN AWN (mg) SE (%) 
V-15b 1.267 + 0.183 a 0.641 + 0.213 a 92 + 16 ab 1.971 + 0.241 a  40.95 + 8.6 a 
V15bpRK415 1.406 + 0.232 a 0.472 + 0.115 a 71 + 16 b 1.650 + 0.224 a 47.44 + 10.9 a 
V15bpRKgroEL 1.509 + 0.369 a 0.591 + 0.089 a 120 + 24 a 1.431 + 0.493 a 52.30 + 17.3 a 
PMI6pRK415 1.602 + 0.460 a 0.698 + 0.059 a 67 + 17.3 b 2.334 + 0.650 a 56.69 + 21.6 a 
PMI6pRKgroEL 1.683 + 0.219 a 0.677 + 0.279 a 99 + 16.5 a 2.318 + 0.650 a 60.50 + 10.3 a 
 
UPM-Ca36T 1.120+ 0.234 a 0.471 + 0.066 a 61 + 27 a 4.659 + 1.027 a 34.00 + 10.53 a 
Ca36pRK415 1.289+ 0.294 a 0.562 + 0.115 a 66 + 7.2 a 2.536 + 0.775 b 41.98 + 13.82 a 
Ca36pRKgroEL 1.489+ 0.224 a 0.554 + 0.139 a 77 + 9.9 a 
 
2.108 + 0.613 b 51.35 + 11.84 a 
ST-2 1.104 + 0.330 b 0.524 + 0.138 a 61 + 18.2 a 1.749 + 0.314 a 36.10 + 15.55 b 
ST2pRK415 1.227 + 0.225 b 0.539 + 0.077 a 54 + 14.1 a 2.222 + 0.609 a 39.06 + 10.59 b 
ST2pRKgroEL 1.765 + 0.318 a 
 
0.638 + 0.173a 77 + 44.2 a 2.019 + 0.785 a 64.35 + 14.98 a 
Data correspond to the mean and standard deviation of five replicates per treatment. Different letters in the 
same group of strains are statistically significant (P<0.05). SDW - Shoot Dry Weight; RDW - Root Dry Weight; 
NN - Number of Nodules; AWN - Average Weight per Nodule; SE - Symbiotic Effectiveness  
 
 
Bacterial growth curves under different stresses  
 Considering the well-established role of GroEL in stress tolerance, the growth of 
ST-2 and its respective transformed strains was evaluated under different stress 
conditions. For all the conditions tested, which included heat, salinity and acidic stresses, 
the wild type strains showed a higher growth rate (Fig 1). This is probably due to the 
energy required to replicate the expression vector and to express the corresponding 
antibiotic resistance genes, which hampers the growth of the transformed strains (Fig 
1A-D). This effect is particularly striking in the case of salinity stress (1,5 % NaCl), since 
the wild type grows slightly slower that in control conditions, while both transformed 
strains are unable to grow (data not shown). Fig 1B shows the growth curve after a heat 
shock at 48°C during 15 min followed by control condition (28°C). Only in this condition, 
the ST-2 strain with extra groEL copies shows a slight acceleration in the growth from 
133 hours onwards, when compared with ST2pRK415. Extra groEL copies did not 
increase the growth of ST-2 under other stresses, namely at 34°C and pH 5 (Fig 1C-D). 
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Figure 1. Growth curves of ST-2, ST2RK415 and ST2pRKgroEL in TY medium. A - 
Control condition (28°C); B - Heat shock at 48°C during 15 min followed by control 
condition; C – Continuous heat stress at 34°C; D - Continuous acidity stress (pH 5). Wild 
type strain statistically differs to transformed strains in all conditions. ST2RK415 and 
ST2pRKgroEL statistically differ in B (heat shock) from 133 hours onwards (P < 0.05), 
detected using T-test, implemented in SPSS V.21 software (SPP Inc., Chicago, U.S.A).  
Bars represent standard deviation. 
 
Nodulation kinetics 
 
 In order to evaluate the dynamics of nodule development, nodulation on chickpea 
plants inoculated with ST-2 transformed strains were analyzed under hydroponic 
conditions during 35 days (Fig 2). Both strains induced the formation of the first nodules 
at 12 days after inoculation. Although in an early time point, plants inoculated with 
ST2pRK415 show a higher number of nodules, at 17 days after inoculation a similar 
number of nodules was detected in plants inoculated with ST2pRK415 and with 
ST2pRKgroEL. From this point onwards, the strain with extra groEL copies shows a 
higher number of nodules in the final time points of the nodulation kinetics evaluation, 
plants inoculated with ST2pRKgroEL showed approx. 78% more nodules than 
ST2pRK415 (Fig 2).  
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Figure 2. Nodulation kinetics of chickpea plants inoculated with ST2pRK415 and 
ST2pRKgroEL. Asterisks indicate statistical differences between the  two strains (P < 
0.05), using T-test, implemented in SPSS V.21 software (SPP Inc., Chicago, U.S.A).  
Bars represent standard deviation. 
 
Histological analysis of nodules 
 
 Nodules from the hydroponic assay were embedded in paraffin and sectioned for 
analysis using light microscopy, in order to verify possible differences in their histology. 
Nodules from plants inoculated with both ST2pRK415 and ST2pRKgroEL showed the 
typical zones of an indeterminate nodule with meristematic, infection and fixation zones 
(Fig 3A and B). These nodules did not show a senescent zone probably due the short 
duration of the hydroponic trial. Overall, no differences were detected between nodules 
from plants inoculated with each of the transformed strains.  
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Figure 3. Nodule sections from chickpea plants grown in hydroponic conditions. Sections 
were stained with Toluidine Blue. A and C - ST2pRK415; B and D - ST2pRKgroEL; C 
and D - squares indicate infection zones. Scale bars: 1 mm (A and B); 400 μm (C and 
D). 
 
 
Colonization and infection thread development 
 
 In order to investigate whether extra groEL copies could affect the first steps of 
the symbiosis process, both colonization and infection of root hairs by ST2pRK415 and 
ST2pRKgroEL were analysed by confocal microscopy. For this purpose, strains were 
transformed with an additional plasmid carrying gfp or rfp genes (Table 1). At seven days 
after inoculation both strains showed curling and infection threads on chickpea root hairs 
(Fig 4A and B). No difference in the infection process was detected between the two 
strains. Co-infection analysis at six days after inoculation confirmed that both strains 
seem to colonize equally the roots surface and form infection threads with a similar rate 
(Fig 4C).  
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Figure 4. Confocal laser scanning micrographs showing the initial infection process of 
chickpea roots inoculated with green and red fluorescent protein–tagged rhizobia. Single 
inoculation: A - ST2pRK415 and B - ST2pRKgroEL strains tagged with green fluorescent 
protein and chickpea roots stained with propidium iodide, at 7 days after inoculation; Co-
inoculation: C - ST2pRK415 (red) and ST2pRKgroEL (green) strains co-inoculated in 
chickpea roots stained with calcofluor white, at 6 days after co-inoculation. Root hair 
curling (white arrows); infection threads inside root hairs (yellow arrows); both strains 
sharing the same intercellular space (ellipse). Scale bars: 75 μm (A and B) and 50 μm 
(C).  
 
4.5. Discussion  
 
 The role of chaperone system GroESL in protein folding and its importance for 
stress tolerance has been widely studied (Guisbert et al. 2004; Weiss et al. 2016). 
Alexandre and Oliveira (2013) review the role of different number of GroEL copies with 
different regulation in rhizobia. For example, in B. japonicum five groESL were 
annotated, however only three of them seemed to be heat induced (Babst et al. 1996). 
S. meliloti also has five groEL copies, while R. leguminosarum has three (Bittner et al. 
2007; Rodriguez-Quinones et al. 2005). In Mesorhizobium sp. MAFF303099 only one of 
the five copies of groEL is highly expressed after a heat shock (Alexandre et al. 2014). 
Some studies have shown that GroEL is involved in the regulation of genes related with 
the nodulation process. It was reported that this chaperone is required for early regulation 
of nod genes in S. meliloti and that its mutation delayed nodules formation and caused 
a Fix- phenotype (Ogawa and Long 1995). In Bradyrhizobium japonicum GroEL is 
required for the formation of a functional nitrogenase (Fischer et al. 1999) and the levels 
of GroEL in soybean nodules were seen to be seven times higher than in free-living 
conditions (Choi et al. 1991).  In S. meliloti was found that NodD proteins are in vitro 
substrates of the GroESL system and that these chaperones also modulate the NodD 
binding to nod box sequence (Peck et al. 2013; Yeh et al. 2002). Farkas et al (2014) 
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reported that in S. meliloti GroEL1 is required for efficient infection, differentiation of 
bacteroids and nitrogen fixation in alfalfa. In the present study, four Mesorhizobium 
strains were transformed with extra groEL copies and its effect on the symbiotic 
performance was evaluated using different assays. From the five groEL copies found in 
the UPM-Ca36T strain the copy selected for overexpression was that one which shares 
the highest similarity with the copy previously reported to be overexpressed in M. 
japonicum MAFF303099 bacteroids (Uchiumi et al. 2004). Only the ST-2 strain was able 
to improve the SDW of plants as well as its SE when modified with extra groEL copies. 
This suggests the involvement of the groEL gene in the symbiosis process in 
Mesorhizobium which was already suggested by its up regulation in bacteroids (Uchiumi 
et al. 2004). Others stress response genes related to saline, oxidative, drought, heat or 
biotic conditions were associated with symbiotic performance improvement when 
overexpressed (Boscari et al. 2006; Moussaid et al. 2015; Paço et al. 2016; Shvaleva et 
al. 2010; Talbi et al. 2012). For example, the Mesorhizobium strain UPM-Ca36T modified 
with extra copies of the chaperone gene clpB (Paço et al. 2016) showed a higher rate of 
nodule development as well as a higher number of nodules. More interestingly, the 
symbiotic effectiveness of the clpB-overproducing strain increased ~60% at pH 5 and 
~83% at pH 7, compared to the wild-type strain (Paço et al. 2016). Previously, Brígido et 
al (2012b) also showed that the chaperone ClpB was involved in chickpea root 
nodulation by Mesorhizobium. clpB mutants showed a 6- to 8-day delay in nodule 
appearance and analysis of nodC expression showed lower levels of this transcript on 
the mutant strain. 
In the present study, the UPM-Ca36T as well as PMI-6 and V-15b strains were 
also transformed with extra groEL copies, however there was no improvement in any of 
the plant parameters evaluated in chickpea plants inoculated with these strains. 
Nevertheless, the NN resulting from PMI6pRKgroEL and V15bpRKgroEL inoculation 
was higher than that of the corresponding strains transformed with the pRK415 plasmid. 
Nelson and Sadowsky (2015) reported that a large amount of nodules without any 
improvement or with negative effects in the host plants may indicate that bacteria are 
causing a pathogenic result. Nevertheless, no significant decrease in the plant 
parameters analyzed was observed for chickpea plants inoculated with the transformed 
strains that induced a higher number of nodules.  
Although the SE was higher in plants inoculated with ST2pRKgroEL, the NN was 
not statistically different. As the role of GroEL in the symbiosis process seems to be 
related with the early nod genes regulation (Ogawa and Long 1995), it was expected that 
extra groEL copies would improve the NN, since one of the nod genes function is to 
regulate the NN on root hair (Limpens and Bisseling 2009). In order to observe the 
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continuous formation of nodules, a hydroponic assay was performed and plants 
inoculated with the strain with extra groEL copies indeed showed a higher number of 
nodules during 35 days, suggesting that groEL may influence indirectly the nodulation 
process. This difference in the number of nodules was not detected in the pot assay 
probably due to the larger duration of this experiment (seven weeks). It is likely that the 
higher number of nodules induced by the inoculation of ST2pRKgroEL, compared to 
ST2pRK415, is transient and that later on the number of nodules on plants inoculated 
with both strains reaches similar values as reported for the pot assay.  
Analysis of histological sections of nodules from plants inoculated with 
ST2pRKgroEL showed similar zones compared to nodules resulting from ST2pRK415 
inoculation. In addition, no differences were detected in root attachment or the infection. 
These results suggest that probably the GroEL relationship with the symbiosis is not 
related with the colonization or infection, besides it does not seem to have any 
evolvement with the infection of the nodules. Therefore, the higher SE observed in the 
ST2pRKgroEL is justified by the increase of the NN.  
Since GroEL is known to be involved in temperature stress tolerance in several 
bacteria including in rhizobia (Alexandre and Oliveira 2011; Ogawa and Long 1995), the 
growth of ST2pRKgroEL was evaluated under different stress conditions. ST2pRKgroEL 
showed faster growth than ST2pRK415 after a heat shock at 48 °C for 15 minutes, 
however the modified strains were indistinguible under the other stress conditions 
evaluated. This suggests that the extra copies of groEL most likely helped bacteria to 
recover after the heat shock. In chickpea rhizobia GroEL was found to be consistently 
overproduced when isolates were submitted to heat stress (Laranjo and Oliveira 2011; 
Rodrigues et al. 2006). Moreover, higher levels of groEL transcript were previously 
suggested to be associated to higher tolerance to heat shock in mesorhizobia (Alexandre 
and Oliveira 2011). 
Despite the promising results obtained in the improvement of rhizobial symbiotic 
performance with the overexpression of stress response genes, further studies with more 
bacterial species are required to validate this approach as a strategy to engineer rhizobial 
strains that can be useful as crop inoculants, particularly under challenging soil and 
climatic conditions. 
In addition to its main role as heat shock protein, GroEL is known to be involved in 
the nitrogen fixation process (Ogawa and Long 1995), thus this study showed that 
increasing the groEL expression may be enough to improve the symbiotic effectiveness. 
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The osmolarity sensor protein EnvZ improves 
the symbiotic effectiveness of mesorhizobia 
strains 
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5.1. Summary  
 
Bacteria are able to sense oscillation on the environment and adapt themselves to 
survive under different stress conditions. The two-component signal transduction system 
EnvZ/OmpR present in Escherichia coli mediates responses when bacteria are under 
osmotic stress. In addition, EnvZ/OmpR has been shown to also regulate genes involved 
in virulence, fatty acid uptake, exopolysaccharide (EPS) production, peptide 
transportation and flagella production. Some of these mechanisms are known to be 
important for a successful symbiosis. Therefore, the aim of this study is to evaluate the 
effects of extra envZ copies in chickpea Mesorhizobium strains. The Mesorhizobium sp. 
V-15b, PMI-6, ST-2, EE-7 and UPM-Ca36T were transformed with pRKenvZ (pRK415 
harboring envZ gene from M. mediterraneum UPM-Ca36T). The symbiotic performance 
was evaluated in a pot trial, which showed that the symbiotic effectiveness (SE) of plants 
inoculated with PMI6pRKenvZ and EE7pRKenvZ was 64 % and 96% higher than that of 
those inoculated with PMI6pRK415 and EE7pRK415, respectively. Overexpressing envZ 
on UPM-Ca36T, ST-2 and V-15b strains did not improved the SE, and for that reason 
further analyses were performed using only EE-7 and PMI-6 strains. Under hydroponic 
conditions, plants inoculated with the PMI6pRKenvZ strain showed the first nodules 4 
days before those inoculated with the empty vector strain (PMI6pRK415). Furthermore, 
PMI6pRKenvZ started to show a significantly higher nodule number at 28 days after 
inoculation. Despite the fact that both strains were Fix+, the interior of the nodules 
resulting from PMI6pRKenvZ inoculation showed a more intense red coloration than 
those from PMI6pRK415, which presented large senescence zones and a lower number 
of bacteroid-occupied cells, as revealed by histological analyzes. Moreover, chickpea 
seedlings inoculated with PMI6pRKenvZ showed a higher number of infection threads 
than those inoculated with PMI6pRK415. In addition, plants inoculated with 
PMI6pRKenvZ showed a higher number of secondary roots and an increase in the 
density of root hairs. On the other hand, plants inoculated with EE7pRKenvZ did not 
show statistical differences in the number of nodules under hydroponic conditions when 
compared to EE7pRK415. No differences were also observed in root hairs infection, 
nodule histology, number of root hairs, secondary roots or changes in the production of 
exopolysaccharides. The present study suggests EnvZ/OmpR involvement in the 
symbiosis process and represents an important starting point to evaluate the role of this 
system in the rhizobia-legume symbiosis. 
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5.2. Introduction 
 
Interaction with the external environment is vital to bacterial survival (Hubber et 
al. 2004; Sugawara et al. 2013; Tseng et al. 2009). However, changes in the 
surroundings can lead these microorganisms to stress conditions, limiting their survival, 
development and interactions with other prokaryotic or eukaryotic organisms. To handle 
these fluctuations, bacteria have developed versatile response systems that allow them 
to detect information about their environment  (Boor 2006), as temperature, osmotic 
pressure, pH and nutrient availability.  
Bacteria can mediate responses to environmental stress through two-component 
regulatory systems (TCRS), namely a histidine kinase (HK) and a cognate response 
regulator (RR) (Foo et al. 2015; Wang et al. 2012). In a general way, the sense of an 
environmental stress by the HK allows the autophosphorylation of the conserved 
histidine residue (Wang et al. 2012), and this phosphoryl group is then transferred by the 
conserved aspartic acid residue of the RR. Once phosphorylated, the RR usually binds 
to DNA target sequences stimulating the transcription of appropriate gene targets 
(Yoshida et al. 2002). 
The EnvZ/OmpR system, one of the best-characterized TCRS, is activated in 
response to osmotic stress and is responsible for the regulation of the expression of 
outer membrane porins OmpF and OmpC (Alphen and Lugtenberg 1977; Wang et al. 
2012). At high osmolarity EnvZ is autophosphorylated and transfers the phosphoryl 
group to OmpR, which in turn binds to the promoter regions of outer membrane porin 
genes ompF and ompC (Yoshida et al. 2002; Yuan et al. 2011). Both porins act in the 
nutrient exchange, but at high osmolarity OmpC has a slower flow rate and becomes the 
major porin in the outer membrane, while at low osmolity ompC is repressed and OmpF 
becomes the major porin (Nikaido 2003; Wang et al. 2012). EnvZ also acts as a 
phosphatase, which dephosphorylates the OmpR-P when the osmotic stress disappears 
(Mattison and Kenney 2002). 
Mutation in envZ/ompR of E. coli affects directly or indirectly the expression of 
more than 100 genes, including genes related to amino acid biosynthesis, such as 
isoleucine and cysteine, iron and maltose transport, and flagellar synthesis (Oshima et 
al. 2002). ompR mutation in Yersinia pestis affected the expression of 224 genes, 
indicating a global regulatory role (Gao et al. 2011). Besides its relation to 
osmotolerance, EnvZ/OmpR system has also been associated with other functions, such 
as virulence in pathogens, fatty acid uptake, exopolysaccharide (EPS) production, 
peptide transport and flagella production (Bernardini et al. 1990; Feng et al. 2003; Li et 
al. 2014; Mills et al. 1998; Pickard et al. 1994; Shin and Park 1995; Vidal et al. 1998; 
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Yuan et al. 2011). In addition, EnvZ/OmpR regulates the type III secretion system genes 
in pathogenic bacteria, such as Salmonella typhimurium, Yersinia enterocolitica, Erwinia 
amylovora and Pseudomonas syringae (Brzostek et al. 2007; Feng et al. 2003; Feng et 
al. 2004; Li and Zhao 2011). 
As shown above, several studies have been aiming to understand the function of 
EnvZ/OmpR in numerous pathogenic bacteria. Nevertheless, there are no reports on the 
function of this two-component system in symbiotic bacteria. The aim of this study was 
to evaluate the effects of overexpressing envZ in the rhizobia-host interaction, namely to 
evaluate whether a higher expression of this gene could lead to an improvement of the 
symbiotic performance in chickpea mesorhizobia strains. 
 
 
5.3. Material and Methods 
 
Bacterial strains and growth conditions 
All bacterial strains and plasmids used in this study are listed in Table 1. A group 
of four chickpea mesorhizobia strains isolated form Portuguese soils and previously 
characterized were used: V-15b-Viseu, ST-2-Setúbal, EE-7-Elvas, PMI-6-Portimão 
(Alexandre et al. 2009; Brígido et al. 2012a; Laranjo et al. 2008). In addition, the strain 
M. mediterraneum  UPM-Ca36T was also used (Nour et al. 1995).  
Tryptone-yeast (TY) medium at 28°C was used to grow mesorhizobia strains 
(Beringer 1974b) and tetracycline (15 μg.ml-1) was added into the medium for pRK415-
transformed mesorhizobia strains. For bacteria transformed with gfp and rfp genes, 
kanamycin (50 μg.ml-1) and gentamycin (15 μg.ml-1) were added to TY medium, 
respectively. Escherichia coli DH5α and MT616 strains were grown in Luria-Bertani (LB) 
medium (Sambrook and Russell 2001) at 37º C. For E. coli strains containing pRK415, 
15 μg.ml-1 of tetracycline was used, while for MT616 with pRK600, the medium was 
supplemented with 25 μg.ml-1 of chloramphenicol.  
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Table 1 Bacterial strains and plasmids used in this work. 
Plasmids/Strains Characteristics Reference 
pRK600 pRK2013 npt::Tn9. Cmr (Finan et al. 1986) 
pRK415 Broad host-range vector; Tcr (Keen et al. 1988) 
pRKenvZ Plasmid pRK415 containing the envZ gene 
from M. mediterraneum UPM-Ca36T; Tcr 
This work 
pMRGFP Plasmid containing the gfp gene; Kmr (García-Fraile et al. 
2012) 
pMP4661 Plasmid containing the rfp gene; Gmr (Bloemberg et al. 
2000) 
E. coli   
MT616 Strain harboring the helper plasmid pRK600 (Finan et al. 1986) 
DH5α Competent cells NZYTech 
Mesorhizobium   
V-15b Mesorhizobium sp. V-15b-Viseu isolated from 
chickpea root nodules (Portugal) 
(Alexandre et al. 2009) 
ST-2 Mesorhizobium sp. ST-2-Setubal 
isolated from chickpea root nodules (Portugal) 
(Alexandre et al. 2009) 
PMI-6 Mesorhizobium sp. PMI-6-Portimão isolated 
from chickpea root nodules (Portugal) 
(Alexandre et al. 2009) 
EE-7 Mesorhizobium sp. EE-7-Elvas isolated from 
chickpea root nodules (Portugal) 
(Alexandre et al. 2009) 
UPM-Ca36T Mesorhizobium  mediterraneum UPM-Ca36T 
isolated from chickpea root nodules from Spain 
(Nour et al. 1995) 
V15bpRKenvZ V-15b strain harboring pRKenvZ This work 
ST2pRKenvZ ST-2 strain harboring pRKenvZ This work 
PMI6pRKenvZ PMI-6 strain harboring pRKenvZ This work 
PMI6pRKenvZGFP PMI-6 strain harboring pRKenvZ and 
pMRGFP 
This work 
EE7pRKenvZ EE-7 strain harboring pRKenvZ This work 
EE7pRKenvZGFP EE-7 strain harboring pRKenvZ and pMRGFP This work 
Ca36pRKenvZ UPM-Ca36T strain harboring pRKenvZ This work 
V15bpRK415 V-15b strain harboring pRK415 This work 
ST2pRK415 ST-2 strain harboring pRK415 This work 
PMI6pRK415 PMI-6 strain harboring pRK415 This work 
PMI6pRK415GFP PMI-6 strain harboring pRK415 and pMRGFP This work 
PMI6pRK415RFP PMI-6 strain harboring pRK415 and pMP4661 This work 
EE7pRK415 EE-7 strain harboring pRK415 This work 
EE7pRK415GFP EE-7 strain harboring pRK415 and pMRGFP This work 
EE7pRK415RFP EE-7 strain harboring pRK415 and pMP4661 This work 
Ca36pRK415 UPM-Ca36T strain harboring pRK415 This work 
 
 
Transforming the strains with the envZ gene 
 
The full sequence of the envZ gene from Mesorhizobium mediterraneum UPM-
Ca36T was amplified by PCR. The PCR was performed in 25 μl using 0,5 μL of DNA, 1× 
Buffer for Phusion GC Buffer, 0,2 mM of each dNTP, 7.5 pmol of each primer and 0,4 U 
of Phusion DNA Polymerase (Thermo Fisher Scientific). The primers used were envZ-
HindIII-F (5’-AAGCTTAATGAGACGTTTCCTGCCGCA-3’) and envZ-BamHI-R (5’-
GGATCCCTACGTTGCCAGCGGCAAGC-3’). The amplification program was: 30 s at 
98°C, 30 cycles of 10 s at 98ºC, 20 s at 56°C, 28 s at 72 ºC and a final extension of 5 
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min at 72 ºC. The obtained envZ fragment of 1407 bp was cloned in pCR-BluntTM vector 
(Thermo Fisher Scientific), sequenced and subcloned in the expression vector pRK415, 
previously digested with HindIII and BamHI.  
Five chickpea mesorhizobia strains were transformed by triparental mating with 
the pRKenvZ plasmid, containing the exogenous envZ gene under the control of the lac 
promoter. Based on previous work, it is already known that pRK415 allows the 
expression of the cloned gene both under free-living and symbiotic conditions (chapter 
2). E. coli DH5α cells harboring the plasmid pRKenvZ or pRK415 were used as donor 
and E. coli MT616 cells with pRK600 acted as helper, as described by Nascimento et al. 
(2012a). The pRKenvZ-transformed strains were named V15bpRKenvZ, ST2pRKenvZ, 
PMI6pRKenvZ, EE7pRKenvZ and Ca36pRKenvZ. The same mesorhizobia strains were 
transformed with pRK415, and named V15bpRK415, ST2pRK415, PMI6pRK415, 
EE7pRK415 and Ca36pRK415.  
To confirm the transformation of mesorhizobia cells with pRKenvZ and pRK415, 
total DNA was extracted according to Rivas et al (2001) and used to amplify the region 
of the expression vector that includes the envZ gene. Using the universal primers M13F 
and M13R-pUC, a DNA fragment of 1529 bp will be amplified from pRKenvZ and 122 pb 
will be amplified from pRK415. The PCR reaction was performed in a final volume of 50 
μL, using 5 μL of DNA, 1× reaction Green GoTaq® Flexi buffer, 0.2 mM of each dNTP, 
1.5 mM MgCl2, 15 pmol of each primer and 0.625U of GoTaq® G2 Flexi DNA 
Polymerase (Promega). The amplification program was: 2 min of initial denaturation at 
95 °C, 30 cycles of 60 s at 95 ºC, 45 s at 56 °C, 85 s at 72 ºC, and a final extension of 5 
min at 72 ºC. 
 Once the transformations were confirmed, strains harboring pRKenvZ were 
transformed with pMRGFP (containing the gfp gene) and strains harboring pRK415 were 
transformed with pMRGFP or pMP4661 (containing the rfp gene) by triparental mating, 
as described above. These transformations were confirmed by fluorescence microscopy 
observations. 
 
Evaluation of the symbiotic performance 
 
 In order to evaluate whether additional envZ copies improved the symbiotic 
effectiveness of chickpea mesorhizobia strains, a plant growth trial under controlled 
conditions was performed using both the wild-type and the transformed strains. After 
surface-sterilization and germination, chickpea seeds were transferred to plastic pots 
filled with sterile vermiculite and inoculated (Alexandre et al. 2009).  
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For inocula preparation, rhizobia strains were grown in TY liquid medium at 28°C 
for 72 h. Cell culture was centrifuged at 10.000 × g, resuspended in fresh TY liquid 
medium to an OD540nm of 1.0 and 1 ml of this bacterial suspension was used to inoculate 
each seedling. Five replicates per treatment were performed. A nitrogen-free nutrient 
solution (Broughton and Dilworth 1971) was applied three times a week. Uninoculated 
plants were used as negative control and plants watered with N-supplemented nutrient 
solution were used as positive control. Plants were grown in a growth chamber under a 
16 h-light and 8 h-dark cycle with 24°C-day and 18°C-night temperature at a relative 
humidity of 65%. After 7 weeks, plants were harvested and several parameters were 
measured, such as shoot dry weight (SDW), root dry weight (RDW), number of nodules 
(NN) and average weight per nodule (AWN). Symbiotic effectiveness (SE) was 
calculated using the shoot dry weight values, including those from the positive and 
negative controls (Gibson 1987). Statistical analysis was performed using SPSS 
statistics V.21 (SPSS Inc; IBM New York, USA) and included analysis of variance, 
namely one-way ANOVA, and the Tukey's Multiple Range Test (P < 0,05). 
Based on the results obtained in the symbiotic performance evaluation, 
mesorhizobia strains PMI-6 and EE-7 and their derivates were selected to be used for 
further analyses. 
 
Bacterial growth 
 
In order to evaluate free-living growth of wild type PMI-6 and EE-7 as well as their 
derivatives harboring pRK415 and pRKenvZ, strains were grow in 5 mL of TY medium 
(supplemented with 15 μg.ml-1 tetracycline in the case of the transformed strains) during 
144 h. The optical densities at 540 nm were measured every 24 hours and triplicates 
were used for each strain.  
In order to evaluate differences in the mucoid phenotype between the strains 
harboring pRK415 or pRKenvZ plasmids, bacterial growth was observed in yeast manitol 
agar (YMA). 
 
Evaluation of nodulation kinetics 
 
The nodulation kinetics were evaluated through a hydroponic assay using 
chickpea plants inoculated with PMI6pRK415, PMI6pRKenvZ, EE7pRK415 and 
EE7pRKenvZ strains (OD 540 nm of 0.6). The procedures were conducted as previously 
described in Brígido et al.  (2012b). Eight seeds per treatment were used and the number 
of nodules was evaluated every three days during 33 days. Plants were kept on a growth 
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chamber under the same conditions describe above for the evaluation of symbiotic 
performance. 
 
Histological analysis of nodules  
 
Nodules were excised from hydroponic plants 35 days after inoculation and 
processed for light microscopy. Nodules were fixed in 4% formaldehyde, dehydrated in 
an increasing ethanol series, and embedded in paraffin (Brígido et al. 2012b). Toluidine 
blue-stained sections (6 μm) of embedded nodules were examined by bright-field 
microscopy. 
 
Induction of root hairs formation 
 
To evaluate the effects of extra envZ copies on the initial root development of 
chickpea plants, pre-germinated seedlings were inoculated with strains harboring 
pRK415 or pRKenvZ plasmids in water-agar plates and the number of secondary roots 
and the density of root hairs were evaluated seven days after inoculation. 
 
Analysis of rhizobia infection process  
 
Pre-germinated chickpea seeds were inoculated with GFP-tagged (single 
infection) or RFP+GFP-tagged (co-infection) mesorhizobia strains, as described by 
Robledo et al. (2011). Chickpea roots and root hairs were stained with 10 μM propidium 
iodide (Sigma-Aldrich) or with 50mg/l calcofluor white (Sigma- Aldrich) and 10% 
potassium hydroxide solution (Flores-Félix et al. 2015). Projections were made from 
adjusted individual channels and accumulating stacks using Leica software. The analysis 
of root hairs 4 or 6 days after of inoculation were performed using a Confocal Laser 
Scanning Microscope (Leica TCS SPE) equipped with solid-state laser, allowing 
visualization of GFP (488 nm), RFP and propidium iodide (532 nm) and calcofluor white 
(405 nm) fluorescence.  
 
5.4. Results  
 The mesorhizobia strains V-15b, ST-2, EE-7, PMI-6 and UMP-Ca36T were 
transformed with the pRK415 plasmid containing the gene envZ (pRKenvZ) or with the 
empty vector (prK415) as control. The cloned envZ gene was amplified from 
Mesorhizobium mediterraneum UPM-Ca36T. Despite the presence of genes encoding 
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the EnvZ/OmpR two-component system in the genome of UPM-Ca36T, the two genes 
usually regulated by this system sensor (omprF and ompC) were not identified (data not 
shown). This genome is still in the draft stage, so the presence of ompF and ompR 
cannot be completely ruled out. In addition, the identity of the cloned sequence was 99 
% with a osmolarity sensor protein EnvZ in Mesorhizobium mediterraneum (accession 
number (WP_095484204) and 94 % with Mesorhizobium ciceri (accession number 
WP_029349880). 
 
Evaluation of the symbiotic performance 
 
To evaluate whether extra envZ copies could increase the symbiotic 
effectiveness of mesorhizobia strains, a chickpea pot assay was performed (Table 2). 
Despite the fact that envZ overexpression did not change the number of nodules develop 
on chickpea plants for any of the five strains tested, the symbiotic effectiveness (SE) was 
improved for PMI6pRKenvZ and EE7pRKenvZ with an increase of 64 % and 96 %, 
respectvely. SDW, which is used to calculate the SE, was significantly higher in plants 
inoculated with PMI6pRKenvZ and EE7pRKenvZ, than in those inoculated with 
PMI6pRK415 and EE7pRK415 or the corresponding wild type strains. From these two 
strains, only EE7pRKenvZ showed statistical differences in the average weight per 
nodule (AWN), which was higher in plants inoculated with EE7pRKenvZ, when compared 
to plants inoculated with the corresponding strain harboring pRK415. Nodules from 
plants inoculated with ST2pRKenvZ also showed a significant increase on AWN, yet in 
this case, no differences on SE or shoot dry weight (SDW) were detected. The results 
obtained for ST-2 and its transformed derivatives showed that an increase on AWN is 
not directly associated to an improvement of SE, since plants inoculated with 
ST2pRKenvZ showed the highest increase in the AWN and yet its SE was not 
significantly higher. In terms of root dry weight, significantly higher values were obtained 
in plant inoculated with EE-7, PMI-6 and ST-2 strains overexpressing envZ, when 
compared to the corresponding strains harboring pRK415.  
In addition, overexpressing envZ on UPM-Ca36T and V-15b strains did not 
improved any of the parameters analyzed on chickpea pot assay. Taking these results 
in account, further analyses were performed using only EE-7 and PMI-6 strains and their 
respective transformed strains. 
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Table 2 Results obtained from pot assays of chickpea plants inoculated with wild type or 
transformed strains. 
Strain SDW (g) RDW (g) NN AWN (mg) SE (%) 
V-15b 0.675 + 0.057 a 0.369 + 0.037 a 94 + 17 a 0.949 + 0.232 a 29.78 + 5.57 a 
V15bpRK415 0.699 + 0.126 a 0.335 + 0.078 a 67 + 35 a 1.567 + 0.493 a 32.22 + 12.4 a 
V15bpRKenvZ 0.756 + 0.099 a 0.432 + 0.062 a 73 + 25 a 1.332 + 0.277 a 37.78 + 9.71 a 
UPM-Ca36T 0.801 + 0.0960 a 0.356 + 0.023 a 55 + 21 a 2.036+ 0.797 a  42.19 + 9.5 a 
Ca36pRK415 0.789 + 0.191 a 0.342 + 0.080 a 57 + 17 a 1.994+ 0.574 a 41.07 + 18.8 a 
Ca36pRKenvZ 0.848 + 0.081 a 0.296 + 0.048 a 77 + 8 a 1.333+ 0.122 a 46.78 + 8 a 
ST-2 1.537 + 0.207 a 0.512 + 0.058 ab 57+ 6 a 2.495 + 0.583 b 42.06 + 10.1 a 
ST2pRK415 1.469 + 0.215 a 0.478 + 0.075 b 52 + 13 a 2.546 + 0.704 b 38.76 + 10.5 a 
ST2pRKenvZ 1.724 + 0.265 a 0.603 + 0.047 a 47 + 9 a 3.754 + 0.514 a 51.15 + 12.9 a 
PMI-6 1.174 + 0.080 b 0.490 + 0.057 ab 69 + 10 a 2.305 + 0.262 a 24.29 + 3.9 b 
PMI6pRK415 1.325 + 0.254 b 0.436 + 0.071 b 66 + 29 a 2.411 + 0.983 a 31.78 + 12.3 b 
PMI6pRKenvZ 1.728 + 0.178 a 0.527 + 0.044 a 55 + 19 a 3.405 + 1.643 a 51.40 + 8.6 a    
EE-7 0.629 + 0.131 b 0.321 + 0.036 b 53 + 9 a 1.293 + 0.340 ab 25.3 + 12.9 b 
EE7pRK415 0.680 + 0.083 b 0.319 + 0.022 b 65 + 17 a 1.099 + 0.324 b 30.3 + 8.2 b 
EE7pRKenvZ 0.973 + 0.055 a 0.556 + 0.069 a 63 + 12 a 1.707 + 0.294 a 59.1 + 5.4 a 
Different letters in the same group of strains indicate statistically significant differences (P<0,05). SDW - 
Shoot Dry Weight; RDW - Root Dry Weight; NN - Number of Nodules; AWN - Average Weight per Nodule; 
SE - Symbiotic Effectiveness 
 
Bacterial growth curves 
To characterize the growth kinetics of the transformed strains, bacterial growth 
was evaluated on liquid media (Fig. 1). On the first 48 hours, wild type and PMI6pRKenvZ 
strains growth is indistinguible, whereas the strain harboring the pRK415 plasmid already 
shows a slower growth (Fig 1A). From this point onwards, the strain with extra envZ 
copies begins to outgrow the growth of the other two strains, reaching the stationary 
phase at approx. the same time as the other strains (72 hours), yet with a much higher 
OD value.  
 In the case of EE-7 and its derivatives, the three growth curves were very similar, 
with the stationary phase also starting at approx. 72 h of growth (Fig 1B). 
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Figure 1. Growth curves in TY medium of A – PMI-6, PMI6pRK415 and PMI6pRKenvZ 
and B – EE-7, EE7pRK415 and EE7pRKenvZ. Significant differences were found 
between the growth of PMI6pRK415 and PMI6pRKenvZ strains from 24 hours onwards 
(P <0.05), using T-test. Bars represent standard deviation. 
 
  
Evaluation of nodulation kinetics 
  
In order to evaluate the effects of extra-envZ copies in the rate of nodules 
formation, the Mesorhizobium strains for which a SE improvement was detected 
previously were used in an assay with chickpea plants conducted in hydroponic 
conditions (Fig 2). Seedlings were inoculated with PMI6pRK415 or PMI6pRKenvZ and 
EE7pRK415 or EE7pRKenvZ. Plants inoculated with PMI6pRKenvZ showed the first 
nodules at 10 days after inoculation (DAI), while chickpea plants inoculated with 
PMI6pRK415 showed the first nodules only at 14 DAI. Although there is a significantly 
higher number of nodules in plants inoculated with PMI6pRK415 in an early phase 
(namely 17 and 19 DAI), at 28 DAI the strain harboring extra envZ copies began to show 
a significantly higher number of nodules and the values are kept higher until the end of 
the experiment (Fig 2A). Through visual inspection of nodules formed by both strains, it 
can be observed that many nodules from plants inoculated with PMI6pRK451 were 
greenish, which is a typical coloration of senescence nodules, inactive in terms of 
nitrogen fixation (Fig 3A1 and A2). On the other hand, most of the nodules in plants 
inoculated with PMI6pRKenvZ showed a reddish interior, which results from the 
accumulation of active leghemoglobin, and many of them were larger than those from 
plants inoculated with empty vector strain (Fig 3E1 and E2).  
 The time-course of nodule formation was also evaluated in plants inoculated with 
EE7pRK415 and EE7pRKenvZ, in order to verify whether the heterologous envZ gene 
could improve nodule number or nodule development rate. Although as a trend, plants 
inoculated with EE7pRKenvZ strain showed more nodules than plants inoculated with 
EE7pRK451, this difference is not statistically significant (Fig 2 B). Based on visual 
inspection, nodules resulting from both strains inoculation seemed very similar (data not 
shown).  
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Figure 2. Nodulation kinetics of chickpea plants. Average Number of nodules for plants 
inoculated with A - PMI6pRK415 and PMI6pRKenvZ strains. B - EE7pRK415 and 
EE7pRKenvZ strains. Bars represent standard error. 
 
Histological analysis of nodules 
  
 In order to verify possible differences in the histology of nodules resulting from 
the inoculation of chickpea plants with PMI6pRK415 and PMI6pRKenvZ, sections of 
nodules embedded in paraffin were stained and observed under bright-field microscopy. 
All nodules analyzed presented the expected zones of effective indeterminate nodule 
with meristematic, infection and fixation zones (Fig 3B and F). However, PMI6pRK415-
induced nodules had a larger senescence zone (black arrow in Fig 3B and D) than those 
induced by PMI6pRKenvZ (Fig. 3F). In addition, nodules harboring the strain with extra 
envZ copies showed a higher number of bacteroid-occupied cells and each invaded plant 
cell shows a larger area occupied by differentiated bacteria than in nodules induced by 
the PMI6pRK415 strain (Fig 3 C and G). 
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Figure 3. Nodules from chickpea plants 35 DAI. A1 - Nodules from plants inoculated with 
PMI6pRK415; A2 - Nodule section from plants inoculated with PMI6pRK415; B, C and 
D - Nodules sectioned and stained with toluidine blue from plants inoculated with 
PMI6pRK415; E1 - Nodules from plants inoculated with PMI6pRKenvZ; E2 - Nodule 
section from plants inoculated with PMI6pRKenvZ; F, G and H - Nodules sectioned and 
stained with toluidine blue form plants inoculated with PMI6pRKenvZ; B and D - Black 
arrows indicate senescent zone; C - Red arrow indicates uninfected cells. Scale bars: 1 
cm (A1 and E1); 800 μm (B and F); 400 μm (C and G); 200 μm (D and H). 
 
Colonization and infection thread   
 
 In order to verify whether the higher number of nodules observed in the 
hydroponic trial in plants inoculated with PMI6pRKenvZ and EE7pRKenvZ strains relied 
on a higher efficiency of these strains in the first stages of the interaction with plants 
roots, their infection processes were compared with those of the respective strains 
harboring the empty vector (PMI6pRK415 and EE7pRK415). All strains were 
transformed with an additional plasmid encoding the green fluorescent protein gene (gfp) 
and analyzed using confocal microscopy. At four days after inoculation, no differences 
were detected between chickpea seedlings inoculated with EE7pRK415GFP and 
EE7pRKenvZGFP strains, regarding important infection parameters such as curling, 
formation of infection threads and formation of caps in the presence of curling and 
infection threads (Fig 4A and B). On the other hand, also at four days after inoculation, 
chickpea seedlings inoculated with the PMI6pRKenvZGFP strain showed a higher 
number of infection threads than roots inoculated with PMI6pRK415GFP (Fig 4D and E). 
In addition, colonization of the surface of the roots seemed more efficient for the strain 
with extra envZ copies than for PMI6pRK415GFP. 
 In order to performed confocal microscopy analysis of chickpea roots 
simultaneously inoculated with the strain overexpressing envZ and the corresponding 
strain harboring the empty vector, strains PMI6pRK415 and EE7pRK415 were 
transformed with an additional plasmid carrying the rfp gene (red fluorescent protein). 
Although no differences were detected in the infection process when EE-7 derivative 
strains were compared separately (Fig 4A and B), upon co-inoculation, a higher amount 
of green-tagged bacteria (EE7pRKenvZGFP) was observed in intracellular zones and in 
infection threads, suggesting a higher efficiency on these early symbiosis processes of 
the strain with extra envZ copies (Fig 4C). Similar observations resulted from the analysis 
of co-inoculation of PMI6pRKenvZGFP and PMI6pRKK415RFP strains (Fig 4F), in 
agreement with the results obtained by the single inoculation analysis. Since strains were 
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inoculated in a 1:1 mixture, this analysis seems to indicate that competitiveness at root-
hair infection stage is higher in the strains overexpressing envZ. 
 
 
 
Figure 4. Confocal laser scanning micrographs showing the initial infection process of 
chickpea roots inoculated with green and red fluorescent protein–tagged rhizobia. Single 
inoculation: A - EE7pRK415, B - EE7pRKenvZ, D - PMI6pRK415 and E - PMI6pRKenvZ 
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strains tagged with green fluorescent protein and chickpea roots stained with propidium 
iodide, at 4 days after inoculation. Co-inoculation: C - EE7pRK415 (red) and 
EE7pRKenvZ (green) and F - PMI6pRK415 (red) and PMI6pRKenvZ (green) strains co-
inoculated in chickpea roots stained with calcofluor white, at 6 days after inoculation. 
Root hair curling (white arrows); infection threads (gray arrows); caps on root hairs tips 
(blue arrows), rhizobial attachment on roots (square) and empty vector strains sharing 
the same intercellular space with those harboring pRKenvZ (ellipses) are shown. Scale 
bars: 75 μm (A, B, D and E); 50 μm (C and F). 
 
  
Exopolysaccharides and induction of root hairs formation 
 
 A plate assay was performed in order to verify whether envZ overexpression 
influences the mucoid phenotype, which is typical of most rhizobia. When growing in 
yeast mannitol agar (YMA), strain PMI6pRKenvZ showed a stronger mucoid phenotype 
than strain PMI6pRK415 (Fig 5A1 and A2) or the wild type strain (data not shown). 
Despite the fact that the EE-7 strain is naturally very mucoid, the strain transformed with 
extra copies of envZ showed a more accentuated mucoid phenotype than the empty 
vector strain (data not shown), although this change is not as evident as in the case of 
PMI-6. 
In order to evaluate if the envZ-extra copies affected the initial root development 
of chickpea plants, pre-germinated seedlings were inoculated in water-agar plates. 
Interestingly, plants inoculated with PMI6pRKenvZ showed a much higher density of root 
hairs than plants inoculated with PMI6pRK415 (Fig 5B1 and B2). In addition, the number 
of lateral roots was also higher in plants inoculated with PMI6pRKenvZ (Fig 5C1 and 
C2). These differences were not detected for the same analysis performed with the 
modified EE-7 strains (data not shown). 
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Figure 5. A – Mucoid phenotype by modified strains in YMA plates. A1 -  PMI6pRK415 
and A2 - PMI6pRKenvZ; B - Root hair development in chickpea plants grown in water 
agar medium for seven days after inoculation with B1 - PMI6pRK415 and B2 - 
PMI6pRKenvZ; C - Secondary roots development after inoculation with C1 -   
PMI6pRK415 and C2 - PMI6pRKenvZ. 
 
5.5. Discussion 
 
The EnvZ/OmpR two-component regulatory system regulates expression of outer 
membrane proteins (porins) in response to osmotic stress (Alphen and Lugtenberg 1977; 
Wang et al. 2012). In addition, it has been shown that mutations in envZ or ompR alter 
the expression levels of several other genes related with a large range of functions, as 
for example genes related to virulence in pathogens, fatty acid uptake, 
exopolysaccharide (EPS) production, peptide transportation and flagella production 
(Bernardini et al. 1990; Li et al. 2014; Yuan et al. 2011).  
With the aim of evaluating the effects on the symbiotic performance of extra envZ 
copies, several chickpea mesorhizobia strains were modified in order to overexpress the 
envZ gene from M. mediterraneum UPM-Ca36T. 
As a first approach, to evaluate if the symbiotic parameters were improved, a pot 
assay was performed using chickpea plants inoculated with five mesorhizobia wild types 
and the corresponding modified strains. Only two strains, PMI6pRKenvZ and 
EE7pRKenvZ, showed a significant improvement in the symbiotic effectiveness, 
compared to the respective wild type and strain harboring the pRK415 plasmid. Plants 
inoculated with these two strains showed a higher shoot and root dry weights. 
Furthermore, EE7pRKenvZ induced the development of nodules with a higher average 
weight per nodule, compared to EE7pRK415. Previous studies revealed that 
 120 
 
EnvZ/OmpR may regulate secretion system (SS) genes in pathogenic bacteria, such as 
Salmonella typhimurium, Yersinia enterocolitica, Erwinia amylovora and Pseudomonas 
syringae (Brzostek et al. 2007; Feng et al. 2003; Feng et al. 2004; Li and Zhao 2011). 
Although there is no report showing the EnvZ/OmpR relation with secretion system in 
rhizobia, it is known that different types of SS are present in this group of bacteria and 
their importance in the symbiosis has been previously shown (Hubber et al. 2007; 
Okazaki et al. 2013; Viprey et al. 1998). For example, mutation of several T4SS genes 
in M. loti delayed nodulation on Lotus corniculatus (Hubber et al. 2004). vir mutants in 
M. loti inoculated in Leucaena leucocephala formed effective nodules, whereas wild type 
strain formed empty and small nodules. It may suggest that the SE improvement of the 
strains overexpression envZ could be due the possible regulation of the SS by 
EnvZ/OmpR in rhizobia. 
Despite the general trend of a higher shoot dry weight for plants inoculated with 
the mesorhizobia strains overexpressing envZ, no significant differences were detected 
for three of the tested strains, when compared to the corresponding strains harboring the 
empty vector, namely V-15b, ST-2 and UPM-Ca36T. It is noteworthy that the homologous 
overexpression of envZ in M. mediterraneum UPM-Ca36T did not significantly affect the 
plant and nodule parameters evaluated.  
In order to investigate other aspects of the symbiosis that might be affected by 
the presence of envZ extra copies, further studies were performed with EE-7 and PMI-6 
strains and its transformed derivatives.   
Growth curves were performed to characterize the growth kinetics of PMI-6 and 
EE-7 transformed strains. PMI6pRK415 strain showed a similar growth curve to the wild 
type strain, although with slightly lower optical density values. This was expected 
because the size and copy number of the plasmid could slow down the DNA replication 
process. Interestingly, even with the expression plasmid, the PMI6pRKenvZ strain 
showed a more accelerated growth than wild type and PMI6pRK415 strains. In addition, 
PMI-6 strain harboring pRKenvZ reached late exponential and stationary phases with 
higher OD values than those of the wild type and empty vector strains. These higher OD 
values are probably a consequence of the stronger mucoid phenotype observed for 
PMI6pRKenvZ. According the differences in the growth curves among the EE-7 strains 
were not as marked as those observed in the PMI-6 strains and the alteration on the 
mucoid phenotype on EE-7 strains was much less pronounced.  
A successful rhizobia penetration through the infection thread requires both the 
continued biosynthesis of Nod factors and the synthesis of symbiotic exopolysaccharides 
(EPS) (Jones et al. 2007; Klein et al. 1988). EPS may be important in lowering the 
legume immune response during rhizobia invasion (Jones 2012; Jones et al. 2008; 
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Pellock et al. 2000). Since the mucoid phenotype indicates the ability of rhizobia to 
produce EPS (Milner et al. 1992; Sayyed et al. 2011; Staehelin et al. 2006), the highest 
mucoid phenotype observed in bacteria transformed with extra envZ copies may have 
improved the ability of these bacteria to infect the root hairs. A higher EPS production 
might be a particularly important factor accounting for the symbiotic effectiveness 
improvement detected for PMI6pRKenvZ, since the difference in the EPS production 
observed between EE-7 transformed strains was not as expressive as those observed 
for the PMI-6 transformed ones. Geddes et al. (2014) showed that the EPS production 
in response to medium acidification in S. meliloti is correlated with an increase in 
competition for nodule occupancy. S. meliloti 1021 overexpressing exoR, which encodes 
the enzyme responsible for the first step in succinoglycan biosynthesis, enhanced the 
symbiosis with Medicago truncatula (Jones 2012). In addition R. leguminosarum bv, 
trifolii strains overproducing EPS increased the shoot fresh and dry weight, the number 
of nodules on clovers roots and nodule occupancy (Janczarek et al. 2009). In S. meliloti, 
ExoS is a sensor kinase that together with the response regulator ChvI, functions as the 
positive regulator for synthesis of succinoglycan, an exopolysaccharide involved in the 
infection process (Wells et al. 2007) and this ExoS-ChvI two-component regulatory 
system is a member of the EnvZ-OmpR family (Cheng and Walker 1998). Previous 
studies have reported that the EnvZ/OmpR tow-component system is related with EPS 
production (Li et al. 2014; Pickard et al. 1994), therefore probably this system is involved 
in the EPS production in rhizobia, as well. 
Root hair density is known to be influenced by redox conditions and 
phytohormones (Considine and Foyer 2014; Zhang et al. 2016) In addition, Laus et al. 
(2005) showed that Rhizobium leguminosarum EPS-deficient elicited small root hair in 
Vicia sativa plants. Therefore, the higher EPS production detected for PMI6pRKenvZ is 
likely to account for the higher density of root hair and secondary roots observed in plants 
inoculated with this strain. 
With the aim of evaluating nodule development in a time-course approach, 
chickpea plants were inoculated and grown in hydroponic conditions. Although the 
previous pot assay showed no difference between the number of nodules in chickpea 
plants inoculated with PMI6pRKenvZ compared to plants inoculated with PMI6pRK415, 
the hydroponic conditions showed that the number of nodules is significantly higher in 
plants inoculated with the strain overexpressing envZ in the later period of the 
experiment. This apparent discrepancy between the results of two different plant assays 
is most likely due the shorter duration of the hydroponic assay (5 weeks), compared with 
the pot assay (8 weeks). These results suggest that there might be a transient higher 
number of nodules in plants inoculated with PMI6pRKenvZ, which may benefit the plant 
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in terms of N-fixation, yet in a later stage of the symbiosis that difference is not detected 
any longer. Besides nodule number, nodule coloration both outside and inside was 
inspected in nodules belonging to the several treatments. Plants inoculated with 
PMI6pRKenvZ showed nodules with a reddish interior, which results from the 
accumulation of active leghemoglobin (Downie 2005), and many of them were larger 
than those from plants inoculated with empty vector strain. On the other hand, most of 
the nodules observed in plants inoculated with the strain PMI6pRK451 were greenish, 
which is a typical coloration of senescent and Fix- nodules (Roponen 1970; Van de Velde 
et al. 2006). Histological analysis of theses nodules confirmed a larger senescent zone 
and more empty cells in the nodules from plants inoculated with PMI6pRK451, while 
nodules resulting from PMI6pRKenvZ inoculation showed infection zones with more 
bacteroids. A typical senescent zone is characterized by degeneration of both symbionts 
that happens in the end of the fixation zone. This degradation indicates that the symbiotic 
interaction has finished (Timmers et al. 2000). Although these results indicate the 
contribution of additional envZ copies to the development of nodules that are more 
effective in fixing atmospheric nitrogen and providing these N-compounds to the host 
plant.  
 The nodulation kinetics was also evaluated in plants inoculated with EE-7 strains 
harboring pRK415 or pRKenvZ plasmids, for 35 days after inoculation. Although plants 
inoculated with EE7pRKenvZ show more nodules during the whole experiment, this 
difference is statistically not significant, corroborating the results in pots assay. The 
coloration of the interior of the nodules from both treatments was similar (light red). In 
this case, the improvement of SE observed in the pot assay is probably not related with 
the formation of more effective nodules, as seems to happen in the PMI-6 modified strain. 
Thus, these results suggest that extra envZ copies might improve the SE by different 
mechanisms in the two studied mesorhizobia strains.  
In order to investigate in more detail the early steps of the infection process, the 
modified strains were transformed with fluorescent proteins (gfp and rfp) genes, 
inoculated in pre-germinated chickpea seeds and observed under confocal microscopy. 
Roots inoculated with PMI6pRKenvZGFP showed a much higher number of infection 
threads than the ones inoculated with the corresponding strain harboring pRK415. 
Analysis of co-inoculation of PMI6pRKenvZGFP and PMI6pRK415RFP also confirmed 
that the number of infection threads and attached bacteria on the intracellular zone were 
higher for the strain with extra envZ copies. These results suggest that EnvZ may 
contribute to a more effective infection and this difference at the beginning of the 
symbiosis process in PMI-6 may account for the higher number of nodules observed in 
hydroponic conditions. Upon single inoculation, no change in the number of infection 
 123 
 
threads was detected for EE7pRKenvZ, when compared with the empty vector strain. 
Nevertheless, upon co-inoculation it seems that there is a higher density of bacterial cells 
modified with envZ gene attached on the intracellular zone. Several studies have shown 
that EnvZ/OmpR system may influence the bacteria motility, biofilm formation and 
flagella production (Kim et al. 2003; Li et al. 2014; Prigent-Combaret et al. 2001; Prüβ 
2017; Tipton and Rather 2017; Yuan et al. 2011). Zheng et al (2015) showed that the 
flagellar-dependent motility in Mesorhizobium tianshanense is involved in the early stage 
of plant host interaction and a mutation  causing the loss of the swimming ability lead to 
decreased bacterial attachment on the root hair. Others studies showed that motile 
bacteria are more efficient in nodulation (Soby and Bergman 1983) or more competitive 
on the plant root (Caetano-Anolles et al. 1988; Mellor et al. 1987) than non-motile ones. 
Therefore, extra envZ copies in PMI-6 and EE-7 could have improved their motility 
abilities and consequently, enhanced the infection and competitiveness of these strains. 
Nevertheless, this improvement in the early steps of infection does not appear to be as 
marked in EE7pRKenvZ and perhaps it is related with the less EPS production observed 
in this strain. 
Extra copies of envZ in PMI-6 strain improved some important parameters, such 
as colonization and infection, number of nodules in an earlier phase of the symbiosis, 
mucoid phenotype (EPS) and root hair development. These same parameters evaluated 
in EE7pRKenvZ and EE7pRK415 did not reveal clear differences between these two 
strains that could account for the higher SE obtained for the strain with extra envZ copies, 
suggesting that EnvZ may influence the symbiosis process by different mechanisms.  
 This study represents the first report on the involvement of the EnvZ/OmpR two-
component signal transduction system in the symbiosis process. Nevertheless, 
ExoS/ChvI, another two-component system from the same family, has been previously 
reported to be essential to the establishment of an effective symbiosis in S. meliloti 
(Bélanger et al. 2009; Chen et al. 2009; Soto et al. 2006). It regulates the succinoglycan 
(EPS I) production and flagella biosynthesis (Cheng and Walker 1998; Yao et al. 2004). 
A S. meliloti exoS mutant overproduced EPS I and did not synthesize flagella, loss of 
ability of swarming and swimming. Furthermore, reduced the efficiency of root hair 
colonization of alfalfa (Yao et al. 2004). Overall, these results suggest the involvement 
of TCRS in the symbiotic performance and indicate that EnvZ could be involved with the 
infection process and affect the EPS production in some mesorhizobia strains. As envZ 
overexpression led to different symbiotic phenotypes in the tested strains, it seems that 
these effects are strain dependent. In addition, for the two strains that showed a 
significant increase in the symbiotic effectiveness, EnvZ seems to act through different 
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pathways. More studies are required to better understand the exact mechanism affected 
by EnvZ that cause the reported phenotypes.  
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The conversion of atmospheric nitrogen into ammonia by symbiotic, associative 
and free-living bacteria, known as biological nitrogen fixation, is very important to the 
environment and food production. In agricultural systems, the biological nitrogen fixation 
process represents an alternative to the expensive nitrogen fertilizers, which are easily 
loss through leaching. The fixed nitrogen compensates the losses caused by the 
denitrification and represents an important part of the nitrogen cycle, replenishing the 
overall nitrogen content of the biosphere. In order to maintain crop production at high 
levels, nitrogen fertilizers are often supplied in large amounts. This increasing use of N-
fertilizers, which constitutes the largest human interference in the nitrogen cycle, has 
prompted concerns regarding the emissions of nitrogen oxides, soil acidification and 
water eutrophication. As the world’s population increases, the demand for sustainable 
food production has increased proportionally. As nitrogen generated by biological fixation 
is utilized in situ, it is less prone to leaching and volatilization and therefore this process 
contributes as an important and sustainable N-input into agriculture (Capone 2001; Dixon 
and Kahn 2004). In addition, some farmers use crop-rotation techniques in which they 
include leguminous crops, in order to fertilize the soil for future non-leguminous crops. 
The use of biotechnology in agriculture has been growing over the years as a 
sustainable strategy for increasing animal and vegetable production (Glick 2012). Plant 
growth-promoting bacteria (PGPB) which include rhizobia, can be used as tools to 
increase the production of crops, while reducing the use of environmental damaging 
chemical fertilizers or pesticides (Lucy et al. 2004). Rhizobia inoculants should be 
effective in nitrogen fixation, persistent in soil and competitive with native populations, 
as well as adapted to the field environmental conditions (Stephens and Rask 2000), in 
order to be able to establish successful and effective symbioses. 
Molecular biotechnology strategies can contribute to the improvement of rhizobia 
inoculants, particularly the genetic engineering of rhizobia to overexpress specific genes, 
directly or indirectly involved in the symbiotic process, in order to improve rhizobia 
performance, such as symbiotic effectiveness, nodulation efficiency, competitiveness 
and stress tolerance.  
Using chickpea rhizobia strains as case study, the present thesis focused in better 
understanding how extra copies of genes directly and indirectly related with the 
symbiosis could improve symbiotic performance, aiming to contribute to the development 
of highly efficient rhizobia strains. 
The NifA protein is directly involved in the nitrogen fixation in bacteroids (Novichkov 
et al. 2013). Encoded by nifA, it regulates the operon nifHDK, which encode the 
nitrogenase complex that converts atmospheric nitrogen into ammonia. It was also 
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reported that NifA controls other genes that are not directly involved in the nitrogen 
fixation process, but are related to competitiveness, nodulation efficiency, development 
of nodules and bacteroid persistence (Fischer 1994). As NifA regulator plays an 
extremely important role in the whole nitrogen fixation process, it was expected that 
chickpea plants inoculated with the transformed strains overexpressing this gene would 
show significantly higher biomass, as a consequence of a more efficient nitrogen fixation.  
Overexpression of nifA gene in four mesorhizobia strains only improved the 
symbiotic effectiveness of V15bpRKnifA. In addition, plants inoculated with this strain 
showed a higher rate of nodules development in a hydroponic assay. Similar results were 
obtained with Sinorhizobium fredii using extra-copies of nifA from Klebsiella pneumonia 
that resulted in an increase in the nodulation activity and nodulation competitiveness on 
soybean plants (Jieping et al. 2002). Furthermore, Sanjuan and Olivares (1991) reported 
that multicopy plasmids carrying the Klebsiella pneumoniae nifA gene enhanced S. 
meliloti nodulation competitiveness on alfalfa. V15-b was also modified with extra copies 
of nodD, envZ or groEL, but the symbiotic effectiveness was not improved by the 
overexpression of any of these genes.  
NodD is a regulator of other rhizobial nodulation genes (e.g. nodABC) (Cooper 
2007a), thus it was expected that extra nodD copies in mesorhizobia strains would 
improve mainly the nodulation in chickpea plants. It was previously seen that nodD 
mutation in strains with only one copy frequently suppresses the nodulation (Nod-) (e.g. 
Rhizobium leguminosarum bv. trifolli) (Broughton et al. 2000). Indeed, when nodD was 
overexpressed, ST2pRKnodD and PMI6pRKnodD strains showed an improvement in 
their ability to infect root hairs, which probably accounted for the significant increase in 
the rate of nodules development in plants inoculated with these strains. Moreover, 
nodules from plants inoculated with PMI6pRKnodD did not show senescent areas that 
were observed in nodules from plants inoculated with PMI6pRK415 (the corresponding 
control strain). Despite the fact that at the end of a 7-week pot trial, no difference in the 
number of nodules between PMI6pRKnodD and PMI6pRK415 was detected, plants 
inoculated with PMI6pRKnodD showed an expressive increase in the shoot dry weight 
of approximately 33%. 
This is the first report on the genetic transformation of a Mesorhizobium strain with 
a symbiosis gene that significantly improved its symbiotic performance. 
These plant-microbe interactions comprise several stages that require extensive 
gene expression reprogramming from both partners. It is known that some genes present 
in rhizobia, whose main function is not directly related to symbiosis, may indirectly 
influence this process. That is the case of several stress response genes, such as groEL 
or clpB (Bittner et al. 2007; Brígido et al. 2012b; Ogawa and Long 1995). For the present 
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study two genes involved in stress response were used to evaluate the effects of its 
overexpression on the symbiotic performance: the chaperone gene groEL and the two-
component system gene envZ. 
The ST-2 strain was the only one that showed an improvement of the symbiotic 
parameters when the groEL gene was overexpressed, such as symbiotic effectiveness 
and rate of nodules formation. Interestingly, as mentioned above, ST-2 also had some 
symbiotic features improved when harboring extra nodD copies. Although the main 
function of the GroEL chaperone is protect the bacteria against heat shock, it was 
reported that this protein plays a fundamental role in the formation of functional NodD 
and nitrogenase complex (Fischer et al. 1999; Ogawa and Long 1995). Therefore, it is 
tempting to suggest that there might be a similar key point determining the symbiotic 
performance improvement observed for both ST2pRKgroEL and ST2pRKnodD, namely 
an increased level of the NodD regulator. This hypothesis is supported by previous 
studies showing that Sinorhizobium meliloti mutants in groEL gene affected the activity 
of NodD and formed nodules later and with a Fix- phenotype on alfalfa (Ogawa and Long 
1995).  
The EnvZ/OmpR two-component regulatory system is activated in response to 
osmotic stress and is responsible for the regulation of the expression of outer membrane 
porins OmpF and OmpC (Alphen and Lugtenberg 1977; Wang et al. 2012). The two-
component are also associated with several cellular functions, such as virulence in 
pathogens, fatty acid uptake, exopolysaccharide (EPS) production, peptide transport,  
flagella production and regulation of type III secretion system genes in pathogenic 
bacteria (Bernardini et al. 1990; Brzostek et al. 2007; Feng et al. 2003; Feng et al. 2004; 
Li et al. 2014; Li and Zhao 2011; Mills et al. 1998; Pickard et al. 1994; Shin and Park 
1995; Vidal et al. 1998; Yuan et al. 2011).  
The envZ gene was overexpressed in five mesorhizobia strains in order to analyze 
its effects in the symbiotic performance. Two of those strains, PMI-6 and EE-7, showed 
improvement of some parameters related with the symbiosis. Interestingly, envZ was 
one of the overexpressed genes that showed the most promising results because, 
besides having improved the symbiotic effectiveness, the root dry weight of plants 
inoculated with both PMI6pRKenvZ and EE7pRKenvZ was also improved. Extra envZ 
copies increased the EPS production in PMI6pRKenvZ and the amount of root hairs and 
secondary roots were higher in plants inoculated with this strain. In addition, the rate of 
nodules formation was also increased under hydroponic conditions and the histological 
analysis of these nodules showed a higher number of bacteroid-occupied cells and each 
invaded plant cell showed a larger area occupied by bacteroids. 
Unexpectedly, none of the homologous overexpression tested could improve the 
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UPM-Ca36T strain. 
Although some tested strains showed improvement of their symbiotic performance 
with the overexpression of more than one gene (PMI-6 and ST-2) and some 
overexpressed genes were seen to improve more than one strain (envZ and nodD), none 
of the selected genes improved all the tested strains and none of the tested strains 
showed symbiotic improvement overexpressing all the genes. Overall, these results 
suggest that the improvement of symbiotic performance seems to be a strain specific 
process. 
It is noteworthy that for all the modified strains that showed an improvement in the 
symbiotic effectiveness, no alteration was detected in the number of nodules in the plant 
pot trials. However, when the nodulation of these same strains was evaluated in a time 
course approach, using hydroponic conditions, a higher number of nodules was obtained 
in all cases. The fact that these different plant trials had different durations (7 weeks for 
pot experiments and 33-35 days for hydroponic conditions) suggests that the higher 
number of nodules detected in chickpea plants inoculated with the strains carrying extra 
copies of a given gene, when compared to the same strain harboring the empty vector, 
might be a transient phase. This would mean that the strains showing SE improvement 
induced the formation of nodules in a faster rate, and this might be determinant for 
increasing plant growth, since it could represent more available N in an earlier stage of 
plant development. 
 
Future perspectives 
 
From the genes analyzed that were known to be directly related with the symbiosis 
process, nodD seems to be the one which showed more interesting and promising 
results. Therefore, more studies should be performed using these transformed strains, 
especially to understand the reason why extra copies of nodD only improved the 
symbiotic performance of some strains. Furthermore, since ST-2 showed improvement 
of symbiotic effectiveness while overexpressing both nodD and groEL genes, it would be 
interesting to investigate this known interaction between NodD and GroEL in ST-2.  
The role of the envZ gene is well documented for E. coli, however to our knowledge 
no studies were performed regarding the EnvZ/OmpR system in rhizobia. The 
expression of extra copies of envZ besides leading to an improvement of the symbiotic 
effectiveness, also affected several other symbiosis related phenotypes. Therefore, 
additional studies are required to understand how envZ is related with the symbiosis. 
Moreover, studies aiming to evaluate the osmotic tolerance of these strains could be 
important, especially since the Mesorhizobium genomes seem to lack the two main 
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targets of EnvZ/OmpR regulation (ompF and ompC), suggesting that other mechanisms 
must be under the control of this system. 
Future studies may involve the integration of extra copy of these genes in the 
genome of a chickpea Mesorhizobium strains to avoid the negative effects of the 
expression vector. 
The precise molecular mechanisms that account for the improvement in the 
symbiotic effectiveness reported on the present study require further investigation, in 
order to better understand the genetic determinants of highly effective rhizobia strains. 
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